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ABSTRACT

Several orders of morphologically four-winged insects have evolved
mechanisms that enforce a union between the mesothoracic and metathoracic
wings (forewings and hindwings) during the wing beat cycle. Such mechanisms
result in a morphologically tetrapterous insect flying as if it were functionally
dipterous, and these mechanisms have been described for several insect orders.
The caddisfly suborders Annulipalpia and Integripalpia (Trichoptera) have each
evolved wing coupling apparati. At least three systems have evolved within the
suborder Annulipalpia (Polycentropodidae; Hydropsychidae: Hydropsychinae,
Macronematinae), and within Integripalpia the evolution of wing coupling
mechanisms is diverse to the point that it defies simple enumeration into discrete
categories; conservatively seven different mechanisms have evolved. The
comparative and inferred functional morphology of the putative wing coupling
mechanisms is described for families in both Annulipalpia and Integripalpia. A
novel form-functional complex putatively involved with at-rest forewing-forewing
coupling is described for Hydropsychidae: Smicrideinae (Annulipalpia) and
Philorheithridae (Integripalpia: Brevitentoria), and the form-functional
consequences of this novel mechanism for forewing-hindwing coupling are
elaborated. Experimental evidence regarding coupled versus uncoupled flight is
given for both Annulipalpia and Integripalpia, including the discovery of wing
coupling in Polycentropodidae (Annulipalpia) and Brachycentridae (Integripalpia:
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Plenitentoria). Based on experimental evidence and comparative morphological
considerations it is argued that wing coupling is a far more complex phenomenon
than ‘presence- absence’. It is likely that all Trichoptera have ‘coupled’ wings on
the downstroke, with the synchronous downstroke enforced either by a fully
developed wing coupling apparatus or, when present, by the interaction of the
forewing jugal lobe and the hindwing ‘frenular-type’ setae. It is also suggested
that for several families and sub-family clades, the morphology of the wing
coupling apparatus is a synapomorphy and contributes characters for
phylogenetic analyses.
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CHAPTER ONE
WING COUPLING IN INSECTS

Preface. The section below contains material modified from an entry in the
Encyclopedia of Entomology, Second Edition, J. L. Capinera, Ed. Springer. ISBN:
978-1-4020-6242.

Introduction
The history of comparative and experimental approaches to the study of
insect wing biology is both deep and broad. There are, however, numerous
questions that remain unexamined, and there is still ample opportunity for
research that not only generates new data, but that places the new data in a
comparative and synthetic framework. These data are of course relevant to
taxonomy and systematics, but also can be used to address more theory-laden
questions about homology, convergence, exaptation and the relationship
between form and function. This study was undertaken to address some of
these outstanding questions, but also in part from the recognition that much of
the current literature on Trichoptera contains generalizations that do disservice to
a number of interesting and quite subtle questions. Wootton (2002: 36), for
instance, claimed that “most Trichoptera” couple their wings into a “single
composite aerofoil,” and that “Trichoptera have probably never developed
complex flight behaviour.” Such generalizations are problematic because by
‘most’ he may have had in mind the overall number of species, number of types
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of coupling systems, or an overly inclusive view of forewing-hindwing interaction
patterns. Nor is it fair to make generalizations about ‘complex flight behavior,’
trivially because of the difficulties in specifying in a meaningful manner a
comparative metric for behavioral ‘complexity.’ In any case, insufficient data are
available to warrant the assertion. Grodnitsky (1999: 14), without citation, stated
that “most Phryganeida (=Trichoptera)” are “…functionally two-winged species
(that) possess fore- and hindwing connected as two couples.” In the particular
context of what constitutes a coupling system, this is yet another overly broad
generalization. Boudreaux (1979: 290) listed “wing coupling via jugum (variously
modified)” as a synapomorphy for “Trichopterida” (= Amphiesmenoptera). Wing
interaction modes at the level of Amphiesmenoptera are diverse, and homology
of the ‘jugum’, which will be discussed in detail below, is a particularly difficult
problem. Unless the basis of the synapomorphy claim is more clearly articulated,
it is simply untenable.
The objective of this research program was to explore the comparative
and functional morphology of wing coupling and related structures throughout a
significant percentage of an entire order and to determine if such structures could
be employed as characters in subsequent phylogenetic analyses. In the first
chapter, a review of flight related phenomena is provided, including a
comprehensive review of wing coupling in non-Trichoptera insect groups.
Additionally, a review of the phylogeny of Amphiesmenoptera and Trichoptera is
given. In the second chapter, the results of experimental videography of

2

Trichoptera flight are provided. Representative species from several caddisfly
families were filmed in free flight so that the flight kinematics could be analyzed in
detail, with particular reference to the coupling mode. Chapters three and four
concern the comparative and functional morphology of wing coupling and related
structures of Annulipalpia and Integripalpia, respectively. Taxonomic and
phylogenetic variation is assessed and the utility of these systems as characters
in phylogenetic analyses is discussed. Chapter five concerns the characterization
of a novel functional morphological system discovered in both annulipalpian and
integripalpian taxa. The morphological details of this forewing-forewing coupling
system are elaborated and its role in the larger picture of the evolution of
functional morphology is discussed. Chapter six consists largely of a general
discussion of the evolution of functionally integrated systems and the role of prior
functionality on the evolution, through exaptation, of novel function.
Consideration is also given to the general problem of homoplasy and the
phenomenon of repeated evolutionary convergence.

Flight in animals briefly considered
Unraveling the phenomenon of animal flight has drawn students from
physics, engineering and many fields of evolutionary biology, including
physiology, functional morphology, developmental biology and ecology.
Physicists, engineers and functional morphologists find in animal flight ways of
probing physical phenomena that differ in significant ways from those of
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mechanical systems, and they may thereby gain insight into how to exploit
properties of animal flight in engineered systems. To an evolutionary ecologist,
powered flight may be described as a ‘key innovation,’ the origin of which was
coincident with the radiations in order of increasing taxonomic richness of
bats, birds and insects (or for ‘aquatic flight’, the radiation of fishes).
The physics of animal flight revolves significantly around Reynolds
number (Re), a dimensionless quantity that reflects the relative effects of inertia
to the kinematic viscosity of the medium (i.e., drag) in which the object is moving.
A ~0.2 mm chalcidoid wasp (one of the smallest known insects, with wings
shaped like paddles), an arctic tern (wingspan ~80 cm; longest migratory flight,
having wings with high aspect ratio), an Andean Condor (~3 m wingspan, high
altitude glider, having wings with low aspect ratio) and manta ray (~7 m
‘wingspan’ and largest aquatic ‘glider’) all function in a fluid-dynamic world
mediated by Re, and how each accomplishes net motion is determined
significantly by the shape of the wings, motion of the wings, and the medium in
which the wings are moving.
Insects with powered flight fall under a large range of Re (several orders
of magnitude; Brodsky 1994), and although the vast majority of insects face a
gaseous medium (the atmosphere), many are partially to significantly adapted to
a liquid medium (water). Comparatively little is known about the physics of insect
‘flight’ in water, and only a few groups of insects are thought to use wings in
water as paddles (e.g., Matheson and Crosby 1912). In contrast, a considerable
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body of research has accumulated detailing the physics of insect aerial flight. Not
surprisingly, and presumably in part a reflection of the ecological and
morphological richness of pterygote insects, a large set of parameters must be
used to describe flight in insects. A non-exhaustive list of variations indicative of
the diversity includes: direct- (bi-motor) vs. indirect-muscle powered flight,
antero-motorism vs. postero-motorism (mesothoracic wing flight vs. metathoracic
wing flight), wings operating in unison vs. semi- to fully- independent wing motion
(crudely, wing coupling vs. uncoupled wings), and even the possibility that now
extinct groups of pterygotes with prothoracic wings were able to integrate three
pairs of wings into powered flight (e.g., Grodnitsky 1999). Further, insect
wingspans range from ~1.0 mm (smallest hymenopterans, coleopterans,
thysanopterans, and amphiesmenopterans, to ~70 cm (~7* 100 mm; extinct
odonates)–a difference of two orders-of-magnitude. If one considers only the
beetles, powered flight is used by both Nanosella fungi (Ptiliidae; body mass ~0.5
g) and Goliathus goliathus (Scarabaeidae; body mass ~50 g), a two-orders-ofmagnitude difference in mass.
The range of Re for insects is ~100–105 (Brodsky 1994); the smallest
insects listed above operate under almost pure viscosity effects, with inertial
forces becoming more relevant for larger insects using more powerful, high
speed flight. Trichopterans experience Re in the range ~101 – 103 (Ivanov, 1990;
Hydroptila vectis: Hydroptilidae, Re≈80; Agrypnia obsoleta: Phryganaeidae,
Re≈2500), a range where inertial and viscous forces are both relevant, and
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where presumably both components are under selective pressure. Experimental
data are difficult to obtain for insects flying in this Re range, making the relative
contributions of inertial and viscous forces difficult to evaluate.
Both theory and experiment have contributed to our understanding of the
physics of insect flight, although we seem well short of a unified theory of insect
flight. High speed cinematography, enhanced with flow visualization techniques,
has revealed not only how the wing blade(s) move(s), but how the medium
responds to the movement (e.g., Grodnitsky & Morozov 1993, Ivanov 1990).
Experimental data help craft models of how lift is generated and how destructive
interference is minimized, for instance in the form of wake-vortex shedding. Such
data have been especially useful in deconstructing the wing-beat cycle and
revealing how the wing and the medium are interacting at any point in what may
be a topologically very complex pattern. Modelers also are able to take
advantage of the significant amount of analogy between mechanical
aerodynamics (e.g., physics of airplanes), and biological aerodynamics, including
such factors as rigidity, torsional constraint, camber, body-shape, and wing-blade
shape and profile (e.g., Ennos & Wootton 1989, Wootton 1979, 2002).

Wing coupling in insects
Of particular importance to the flight dynamics of morphologically and
functionally tetrapterous insects is the relative motion of the forewings and
hindwings. The bi-motor flight of odonates is a close approximation to wings that
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operate in complete independence. However, two wings operating independently
inevitably create wake turbulence by each wing. Two interacting fields of wake
turbulence can result in interference and can compromise flight efficiency and
flight parameters such as speed and maneuverability. Both classes of factors are
certainly under the domain of selection and thus we observe a myriad of
‘solutions’ to the problem of interference potentiated by morphologically
tetrapterous flight. In the neopterous orders Neuroptera and Mecoptera, and in
some hemimetabolous orders, the paired wings operate principally by a phase
shift in their motion (e.g., Grodnitsky 1995), which is due to the mechanical
interaction of structures such as lobes and spines located on or near the wing
base. Some insects have solved the aerodynamic interference problem by
modifying one pair so that it no longer has a role in generating lift (e.g., hindwing
in Diptera, forewings in Strepsiptera and Coleoptera) and therefore does not
function as a wing.
Of particular interest is the repeated evolution of wing structures that
couple the fore- and hind wings into a single aerofoil such that a morphologically
tetrapterous insect becomes functionally dipterous. Several physiological and
morphological parameters facilitate functionally dipterous flight, including
nervous-muscle interaction, mechanical properties of the thorax (elastic recoil
and other materials composition phenomena) and the wing coupling system
itself.
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Wing coupling as a functional phenomenon has been studied
experimentally to a limited degree, but the morphology of the wing coupling
structures themselves has received relatively more attention. Detailed
comparative examination of the structures believed to function in wing coupling
has yielded data from local taxonomic interest to much broader phylogenetic
patterns. As defined here, insects with wing coupling are those whose wings are
mechanically connected by specialized structures such that the wing blades
move in unison during both the down- and up-stroke (viz. Grodnitsky 1999: 12,
14). Such modifications occur in the ‘hemipteroid assemblage’ (‘Psocoptera’,
Thysanoptera, Hemiptera), Hymenoptera, Lepidoptera, and Trichoptera. With the
exception of Hymenoptera, and some members of the ‘hemipteroid assemblage,’
wing-coupling is a derived (apomorphic) condition within each group. For
example, in both Lepidoptera and Trichoptera, each of which has evolved a
diversity of morphological adaptations associated with wing coupling, outgroup
comparison suggests that stem Lepidoptera and Trichoptera did not have
coupling structures.
Little empirical evidence, such as videography, exists to support the
conclusion that wing coupling is actually achieved by structural wing
modifications. However, high speed videography eventually demonstrated that
rhyacophilid caddisflies do not couple their wings during flight (Ivanov 1990).
High speed cinematography also elucidated some of the flight mechanics of
Thrips physapus (Thysanoptera; Ellington 1979) and pentatomid bugs, noctuid
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moths and tipulid flies (Grodnitsky and Morozov 1993), including forewinghindwing coupling.

The ‘hemipteroids’. A rich body of data is available for the paraphyletic collection
of taxa known as the ‘hemipteroid assemblage.’ Generalizations about wingcoupling structures in a group as extensive as the hemipteroids is problematic,
but a great deal has been learned about the functional morphology of the various
mechanisms and of the systemic value of these structures in less inclusive
groups. Wing-coupling structures in certain psocopterans appear similar to those
of some homopterans, but this has not been studied in sufficient detail and could
be a convergence. Those of thysanopterans appear to be unlike those of any
other ‘hemipteroids,’ but this observation also could be due to insufficient taxon
coverage. Within ‘Homoptera’ (Hemiptera: ‘Auchenorrhyncha’ and
Sternorrhyncha) and Heteroptera, the wing coupling structures are
phylogenetically useful at the family level. The placement of Coleorrhyncha is still
unclear, but examination of the wing-coupling structure suggests a closer
relationship to the Heteroptera than to any ‘homopteran’ group.

‘Hemiptera: Auchenorrhyncha.’ Wing coupling structures have been documented
in detail by scanning electron microscopy in taxa from Fulgoromorpha,
Cicadomorpha and ‘Jassidomorpha’ (D’Urso and Ippolito 1994, and references
therein). The basic wing coupling apparatus (WCA) principally involves a wing
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coupling fore fold (WCFF) along the posterior margin of the forewing and a
partner structure on the anterior margin of the hindwing. Functionally the WCA is
analagous to two interlocked ‘J-grooves’ such that the component structures,
when engaged, can slide along each other as the wing moves, but are retained
in-place by the various microsculptures until the wings are returned to the resting
position.
The WCFF is morphologically similar across auchennorhychan taxa, but
the hindwing structure is sufficiently variable that the earlier and over-generalized
term wing coupling lobe (WCL) has been redefined to refer to the structure when
it is lobe-like, and the terms wing coupling hind fold (WCHF; Fig. 1-1) and wing
coupling hook (WCH) when the structure is fold-like and hook-like, respectively.
Morphological variation in these structures is taxonomically and phylogenetically
informative at the family level.
Both the fore wing and hind wing coupling structures are generally more
strongly sclerotized than the surrounding wing membrane, and are often armed
with a highly imbricated surface bearing serrations, denticles, or spatulate
flanges sculpted onto the cuticle (wing coupling accessory microsculptures,
WCAM, absent in Cicadellidae). In the Membracidae, Cercopidae, Cicadellidae
and some Fulgoromorpha, the WCAM on the hindwing costal margin are
articulated, innervated, peg-like setae. These sensillae are presumed to function
as coupling-hooks (‘hamuli’), coupling-proprioceptive sensillae, or both (D’Urso
and Ippolito 1994).
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Hemiptera: Sternorrhyncha. Species in the families Aphididae and Psyllidae
possess hindwing structures that function as hamuli (Wood 1979). Electron
micrographs of the hindwing component of the coupling system of aphids reveal
a single tight cluster of curved or spiral shaped cuticular structures that project
from the membrane at the edge of the hindwing (Fig. 1-2). The cuticular
projections, which vary in number among species and also asymmetrically within
a single individual, fit into a groove on the forewing formed by a region of reflexed
and more heavily sclerotised wing membrane (Ni et al. 2002). Although the
‘sockets’ from which the hamuli originate are apparently different from that of a
typical socketed seta, they might be true setae and not highly modified and
sculptured cuticular projections. Ni et al. (2002) determined that hamular
morphology was taxonomically informative above subtribe.
Psyllids, as represented by the blackberry psyllid, Trioza tripunctata
(Fitch), have short but stout socketed spines that begin as a cluster on the
humeral sclerite and the base of the Costa, and several more that form a linear
group on the costal margin after a short intervening space. A single, strongly
curved hamulus occurs roughly halfway along the margin. Wood (1979) provided
a SEM image of a psyllid hamulus in her survey of wing coupling structures of
select hemipteroid taxa, and it is strikingly similar to that found in certain aphids.
As with aphids, these hamuli engage with the forewing in a groove formed by the
posterior margin.

11

Heteroptera+Coleorrhyncha. Wing-coupling is widespread in Heteroptera and the
mechanics of coupling are well understood, with significant detail provided by
SEM imaging (Bohne & Schneider 1979, Wood 1979). A ventral catch (also
referred to as ‘clasp’) on the posterior margin of the forewing engages with the
dorsal ridge, a recurved and highly sclerotized hind wing costal margin. The
clasp is a bipartite structure composed of pad and spinaculum, separated by a
groove (Fig. 1-3). Both the clasp and dorsal ridge may be ornamented with
elaborate projections, flanges, serrations, or teeth that help secure the wing
union. As suggested by the name, the spinaculum consists of a cluster of
cuticular spine-like projections that arise from a more or less developed swelling
on the wing called the base.
The wing-coupling apparatus of Peloridium hammoniorum Breddin, a
representative of the enigmatic Coleorrhyncha, shows closer affinity to the WCA
of heteropterans than to those of homopterans, but bears distinct differences
(D’Urso 1993). The ventral surface of the forewing presents a bipartite clasp, with
one part composed of ~20 sclerotized, spine-like projections that form a closely
packed crown, and the second part composed of sclerotized but flattened and
round-tipped cluster of ~4 projections, which also are grouped closely. The fore
wing clasp is possibly homologous to the pad and spinaculum of Heteroptera.
The hindwing costal margin however is distinctive in that it assumes a complex
S-shape and is ornamented with coarse microsculpting. The profile formed by
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this shape presents an inner and outer groove, with the inner face of the outer
groove residing in a matching forewing groove formed by the opposing inner
portion (PI) and outer portion (PO) of the fore wing coupling structure.

“Psocoptera”. Recent phylogenetic analyses suggest that the traditional orders
Psocoptera and Pthiraptera are paraphyletic with respect to each other
(Yoshizawa & Johnson 2006; Kjer et al. 2006), but the suborders Psocomorpha
and Trogiomorpha, which contain most of the common species of psocopterans,
do appear to be monophyletic (Yoshizawa 2002). Many psocopteran taxa posses
wing coupling mechanisms, but very few authors have explored the morphology
of the structures or used them as characters in phylogenetic analyses. Overall
the coupling mechanism bears resemblance to a generalized homopteran-type of
coupling (Lawson and Chu 1974). Each forewing of Psocomorpha actually
possesses two distinct wing-wing interaction structures, the nodus and nodulus
(Yoshizawa 2005). The nodus, which is diminished in Trogiomorpha and
Troctomorpha, is a chitinous swelling on the ventral surface of the forewing that
receives the anterior margin of the hind wing when the wings are at rest and in
the closed position. The nodulus, of which two basic types can be discerned
(Mockford 1967, Yoshizawa 2002), engages the forewing and hind wing as a
coupling mechanism. A hook-shaped nodulus comprised of truncated spines that
are basally fused appears to be an autapomorphy of Psocomorpha, whereas a
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cluster of distinct, but closely-set, pointed or truncated spines is apparently the
plesiomorphic condition (Yoshizawa 2002).
In Cerastipsocus sp. (Psocomorpha: Psocidae, Fig. 1-4), the coupling
system is simply a clasp, or hook, comprised of a ‘tuft’ of sclerotised, curved
projections that arise from the terminus of the anal vein and posterior cubitus
(first anal, 1A; CuP) on the posterior margin of the forewing. With wings mounted
in vitro, the costal margin of the hind wing engages the groove formed by the
clasp, and the margins of the wings assume a somewhat amplexiform
configuration wherein the contours of the opposed forewing-hind wing margins
overlap. Whether this position is assumed in flight is unknown.

Thysanoptera. Ellington (1979) conducted a detailed examination of the wing
mechanics and take-off preparation of Thrips physapus L. (Terebrantia:
Thripidae). Wing coupling is accomplished primarily by a hooked seta on the hind
wing that secures two long setae on the proximate, posterior region of the
forewing (Fig. 1-5; ch, cs). Ellington determined that the angle formed between
the long axes of the hindwing and forewing was approximately 30°. Thysanoptera
wings are in general lanceolate and possess fringes of long setae, but many taxa
also have corrugated surfaces with wart-like swellings and rows of stout and
curved macrotrichia. Thus, wing coupling might be more widespread than
currently documented.
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Hymenoptera. Basibuyuk and Quicke (1997), the only authors to examine
coupling structures in great detail and from a wide taxonomic scope, suggested
that several coupling-system characters could be useful in higher-level
phylogenetic analyses. However, the taxonomic value of the characters below
family-level remains largely unexplored; for an insect group in which wing
venation figures so prominently in both higher and lower level analyses, the lack
of exploration for taxonomically relevant data in wing coupling structures is odd.
Hymenopterans from both suborders Apocrita (wasps and allies; Figs. 1-6, 1-7,
1-8) and ‘Symphyta’ (sawflies; Fig. 1-9) couple their wings via hamuli, and the
coupling mechanisms in many apocritan groups are so highly developed that
each forewing-hind wing pair assumes the profile and contour of a single, but
flexible, wing blade. Within Hymenoptera, the microstructure and number of the
hamuli can vary significantly, but in all known cases the hamuli engage the
posterior margin of the forewing by hooking over a sclerotised ridge that forms a
trough-like structure. The sclerotised ridge is usually armed with microsculpted
spurs that appear to provide further grip to the hamuli and prevent excessive
sliding while the wing is in motion. Zacwilichowska (1953) demonstrated that the
hamuli of Allantus arcuatus Forst. and Rhodogaster viridis L. (Tenthredinoidea)
are innervated.
A comparative morphological analysis within a phylogenetic context
(Basibuyuk & Quicke 1997) revealed that there were three types of hamuli within
the order: basal hamuli, which are found only in the symphytans Xyelidae,
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Pamphiliidae, and Xiphydriidae; secondary hamuli, which are either openly
spaced or clustered, depending on group; and distal hamuli, which occur in all
winged Hymenoptera. Several small studies (e.g., Abrol 1986) have examined
whether there is a relationship between certain flight parameters and the number
and structure of the hamuli, but there is little conclusive evidence suggestive of a
substantial pattern.

Lepidoptera. Lepidoptera wings have been studied extensively since the earliest
days of comparative entomology. As with Hymenoptera, the wings present a
bounty of morphological data, and wing venation in particular is a property useful
at both higher and lower levels of phylogenetic analysis. Wing shape, method of
wing union (when applicable) and the seemingly endless diversity of scale
morphology, function and distribution have helped make Lepidoptera one of the
most phylogenetically well understood groups of insects.
Lepidopteran wing coupling structures were an early subject of detailed
comparative study, and they played a major role in shaping some of the earliest
phylogenetic systems. Comstock (1892, 1893) relied heavily on wing characters
in his phylogenetic system, in which he recognized the suborders Jugatae, which
“…includes those moths in which the two wings of each side are united by a
membranous lobe, the jugum, borne at the base of the inner margin of the fore
wings...”, and Frenatae which “…includes those moths and butterflies in which
the two wings of each side are united by a frenulum, borne at the base of the
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costal margin of the hind wings, or by a substitute for the frenulum, a large
humeral area of the hind wings…” (taken from Kellogg 1895a). Thus, wing
coupling was the very basis of the first taxonomic division. However, Comstock
later (1918; Ch 22) concluded that at least some of the Jugatae were more
closely related to Trichoptera than the remaining Lepidoptera, and proposed that
there is “…a group of moth-like insects that have been included in the order
Lepidoptera which so far as the structure of the wings is concerned and in some
other aspects are more closely allied to the Trichoptera than they are to the
Lepidoptera, that is the Micropterygina.” Comstock’s rearrangement yielded the
two trichopteran suborders Phryganeina (the Aquatic Trichoptera) and
Micropterygina (the Terrestrial Trichoptera). In this new scheme the
Micropterygina included the single family Micropterygidae, with three (then)
subfamilies Mnesarchaeinae, Eriocraniinae and Micropteryginae, leaving the
newly delimited Jugatae with the single family Hepialidae. The root of this
perceived phylogenetic enigma is a two-part error that was partially clarified
when Braun (1919,1924) undertook a comprehensive revision of wing
characters, including frenular-retinacular coupling structures (1924), in various
lepidopteran families. In Braun’s (1919) study, we clearly see in the resolution of
the problem a precocious application of character polarization by outgroup
comparison (apomorphic versus plesiomorphic characters), and a understanding
that plesiomorphies (“persistent trichopterous characters”) cannot be used to
delimit monophyletic groups (also hinted by Kellogg, 1895a, p. 249). By quoting
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Braun (1919, p. 351) directly, we can appreciate how clearly she understood this
principle:
“With regard to the taxonomic problem involved, the question is essentially
this: Are certain characteristics possessed by the Micropterygidae in common
with Trichoptera of such taxonomic importance as to necessitate the conclusion
that the Micropterygidae are trichopterous insects or are these characters merely
retained as a common inheritance, later to undergo far reaching modifications
which can be traced back to the Micropterygidae (emphasis added).”
Braun’s evidence, combined with that from authors studying other
character systems, fully established the propriety of retaining Micropterygidae in
Lepidoptera, and it has remained a lepidopteran family since.
Braun’s analyses did not fully resolve all outstanding issues regarding the
interpretation of wing characters. Comstock (1893, 1918), Kellogg (1895 a, b),
and Braun (1919, 1924) failed to articulate adequately what they meant by wing
coupling. Braun’s (1924) analysis provided tremendous insight into the coupling
systems of frenate Lepidoptera, but wing coupling in Trichoptera and lower
Lepidoptera remained incorrectly understood. The prevailing view was that the
jugal lobes of the forewings (when present) of Trichoptera and lower Lepidoptera
engaged the hind wing in such a way that coupling was accomplished. Such
appeared to be the case for the Hepialidae, the canonical jugate moth family in
which a highly modified jugal thumb hooks over the hind wing anterior margin
(although may not function as a coupling hook). Kellogg (1898b) must have
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appreciated the derived nature of the various forms of trichopteran wing coupling
because he illustrated the coupling apparatus of a typical Hydropsychidae:
Macronematinae. He also suggested that there “…seems to exist the beginnings
of the frenate method of wing tying, as displayed in Hallesus sp.”(Limnephilidae,
but the taxon he studied could be in one of several subfamilies, all of which have
a cluster of setae on and near basal hindwing Costa). Nonetheless, he viewed
the jugal lobes of micropterygid moths and Trichoptera as wing coupling
structures. Not until Tillyard’s (1918) work is there an articulation of what
constitutes a ‘wing-coupling apparatus’ (Tillyard’s term). Tillyard acknowledged
that there was probably a continuum of forewing-hindwing interaction across
taxa, and he described one end of the continuum by eloquent analogy: the
macrotrichia, by acting as sensillae, served as “…guides in flight, much as the
reigns act in the driving of a horse, or the touch of a hand of one person in
guiding another in the dark.” The other extreme occurred when “...they are more
fully developed so as to link the two wings quite closely together (emphasis in
original)…” Tillyard’s (1918) extensive documentation of the structures believed
to be involved in forewing-hindwing interaction provided a critical backdrop for
the evaluation of characters across the ‘Panorpoid Complex,’ which included at
that time not only the Lepidoptera, Trichoptera, Diptera, and Mecoptera, but also
the neuropteroid groups Megaloptera and Planipennia. Although, as mentioned
above, he did include interactions of the simple guide type, his concept was
overly inclusive. No neuropteroid or mecopteran is known to be functionally
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dipterous, and both micropterygid moths and jugate trichopterans such as
Rhyacophila dorsalis (which he illustrated and described as amplexiform), are
demonstrably functionally tetrapterous (e.g., Ivanov 1990).
Kristensen (1999: 85) discussed the phylogenetic significance of the
“…forewing jugal lobe (fibula in some older literature); …it is very similar to its
homologue in Trichoptera,” but as to their functional significance, he stated, “The
jugal lobes are folded (upside down) below the wing in repose and become
unfolded when the wings are extended. The functional significance of these lobes
are [sic] uncertain.” The putative functional significance of these lobes in
Lepidoptera, Trichoptera, and Mecoptera will be discussed later in relation to
wing-body locking. The phylogenetic status of the frenulum in Trichoptera and
Mnemonica sp. (Micropterygidae) was also addressed by Braun (1919: 358),
who described its action as “…pressing downward over the base of the hind wing
and clasping the anterior tuberosity of the hind wing." One of Braun’s (1919)
main conclusions was the delimitation of ‘true frenulum spines’ (Figs. 1-10, 1-11,
1-12) from similar spines (‘costal spines’) found along the anterior margin of the
hind wing in both Lepidoptera and Trichoptera, such that “…true frenulum spines
are situated on the costal sclerite of the hind wing,” whereas the non-homologous
spines “…lie beyond the costal sclerite…proximal to the humeral vein.” While
Braun also suggested that the large spines present in many Trichoptera (e.g.,
Limnephiloidea) are probably homologous with the frenular spines that, in higher
Lepidoptera, function in a frenular-retinacular system, she took pains to assert
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their non-homology to the costal spines found in certain Lepidoptera and
Trichoptera (e.g., Rhyacophilidae). Appropriately assessing the homological
relationships among these various groups of spines is critical because similar
and probably homologous spines occur in the Amphiesmenoptera outgroup,
Mecoptera, and may have played a pivotal role in the evolution of forewinghindwing interaction. Kristensen (1999, and works cited therein; pg. 90) assessed
the comparative morphological evidence of these spines, and concluded that in
Lepidoptera, “…genuine wing coupling is almost sexually dimorphic; it first occurs
in basal Heteroneura. A stout bristle (frenulum) arising from a small swelling on
the base of the hindwing Costa is a putative synapomorphy of the male ground
plan of the Heteroneura… (emphasis added)”.
Many Lepidoptera with large wing surface area, including the
Papilionoidea (Butterflies), Hesperoidea (Skippers), and some bombycoids (e.g.,
giant silk moths), use amplexiform coupling, and rely on no specialized coupling
structures. Instead, a greatly enlarged humeral angle (proximal anterior margin of
the hindwing) rests below the forewing posterior margin. These typically largerbodied Lepidoptera generally have low wing-beat cycles, and use the greatly
expanded wing surface area primarily for gliding flight.
A uniquely modified coupling system has evolved in the Sessiidae, a
group that includes exceptionally good and typically day-active fliers. Like other
moths, they have a frenular-retinacular coupling system, but they also are able to
position the recurved posterior margin of the forewing into an oppositely recurved
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groove on the anterior margin of the hindwing, thereby effectively sealing the
margin along its entire length.

Mecoptera. No species of mecopteran has been definitively shown by high-speed
cinematography to be functionally dipterous, but structures of their wings suggest
the possibility of some form of wing coupling. Kristensen (1989) described a
purported wing coupling apparatus in Nannochorista philpotti Tillyard
(Nannochoristidae). Nannochoristids possess a well developed jugal bristle on
the forewing and an opposing pair of frenular bristles on the hind wing. Tillyard
(1917) had previously described this apparatus, and he additionally reported a
close interaction between the basal areas of the forewing and hind wing when
freshly killed specimens were manipulated. Morphologically similar structures
also occur in Panorpidae and Bittacidae. In Panorpa sp. (Panorpidae, Fig. 1-14),
the posterior angle of the forewing is enlarged into a lobe that bears a linear
cluster of stout socketed setae, and the basal anterior region of the hind wing is
armed with similar spines. In the absence of a complete wing coupling
interaction, the spines possibly interact in such a way that the wing-beat
frequency and/ or blade angle are modified, and possibly they provide
neurosensory feedback on relative wing position (a “guiding” function). The wing
margins are densely armed with short but stout socketed setae, and these could
be homologues of the socketed setae, known as hamuli, in many Trichoptera and
all Hymenoptera.
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A structure known variously as anal lobe, jugum, and fibula occurs in
Amphiesmenoptera and at least some Mecoptera, but it is highly unlikely that it is
part of a synapomorphy complex that yields a wing coupling system as defined
earlier. Kristensen (1999: 85) stated that for the Amphiesmenoptera the
“…functional significance of these lobes are [sic] uncertain.”
Hlavac (1974) described the functional morphology of a forewing structure
in Merope tuber (Meropeidae) that was clearly involved in coupling the forewing
to the metathorax and concluded that it “compared with the jugal regions of other
panorpids.” This structure will be discussed in greater detail in a section devoted
to wing-wing and wing-body interactions other than wing coupling, but the
significant differences he described shed doubt on possible homology.

Trichoptera. Tillyard (1918) was one of the first authors to illustrate and describe
putative wing coupling structures in Trichoptera, and the first sentence in his
discussion bears repeating (pg. 294),
“In this Order, the original wing-coupling apparatus undergoes some
remarkable developments, which have attracted very little notice from
entomologists, so far.”
Tillyard’s concept on wing-coupling may have been overly liberal and
included taxa that probably have synchronous wing-beats on the down-stroke
only, primarily those possessing only a robust forewing jugal lobe and stout hind
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wing prehumeral setae. However, Tillyard (pg. 295) did describe and illustrate the
coupling system in Leptoceridae and Molannidae, characterizing it as a
“…very perfect form of wing-coupling…(of a) type that will be recognized
as that which occurs universally throughout the Order Hymenoptera.”
Betten’s (1934) seminal contribution to Trichoptera systematics included
illustrations of various ‘wing-joining’ structures (Fig. 1-15, 1-16). He also
speculated on the mechanical role that the various structures had in uniting the
wings, and prefaced his discussion by stating that, “The wings of Trichoptera are
probably always joined during flight but the mechanism for accomplishing this is
not always the same and differs in its degree of perfection.”
Few authors in the intervening years have included in their descriptions of
wing morphology illustrations of putatively wing coupling structures, and rarely
have these been discussed in detail. Schefter (1996) and Vineyard and Wiggins
(1988) thus far are the only authors to include wing coupling structures in
phylogenetic analyses, and Huxley and Barnard (1988; Leptoceridae: Leptocerus
chirindensis) and Johanson (1998; Helicopsychidae) are the only modern authors
to consider the anatomy of wing coupling structures in significant detail.

Phylogenetic context of the study.
Trichoptera and Lepidoptera form the higher taxon Amphiesmenoptera, a
clade of probable monophyly, and perhaps one of the most robustly supported
sister-taxa relationships in insect phylogeny (reviewed by Kristensen 1997,
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1999). Furthermore, consensus favors the monophyly of both Lepidoptera and
Trichoptera, each of which are recoverable from both molecular and
morphological analyses (reviewed by Morse 1997, Wiegmann et al. 2002). While
a more refined sub-ordinal phylogeny is in place for Lepidoptera (Kristensen
1984, 1997, 1999) than for Trichoptera, a number of strongly supported natural
groups have been identified within Trichoptera, including Integripalpia and
Annulipalpia (Morse 1997; Kjer et al. 2001, 2002; Holzenthal et al. 2007). It
should be noted however that no wing-related morphological characters are
known that support the monophyly of Trichoptera, and a dense covering of broad
scales is the single lepidopteran wing autapomorphy (Kristensen and Skalski
1999). Currently, no unequivocal autapomorphic wing characters are known for
Amphiesmenoptera (Lepidoptera + Trichoptera), the putative stem group. The
‘double Y’ configuration of the forewing anal veins, cited by Kristensen (1984) as
the classical amphiesmenopteran autapomorphy, and an extensive covering of
setae, are probably best characterized as equivocal. Other equivocal characters
relevant to the discussion are the presence or absence of M4 in the forewing and
hindwing, the presence or absence of nygmata (Kristensen 1984) and the
condition of Cu2 (=CuP; Kristensen 1997b) as it approaches the forewing margin.
Kristensen (1999b) compiled all relevant data on the wing apparatus in
Lepidoptera and Trichoptera, and his work serves as the state-of-the-art
interpretation of amphiesmenopteran wing characters.
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In contrast to extant amphiesmenopteran groups, which are easily
diagnosable as either Trichoptera or Lepidoptera (but see Kristensen 1997: 265
for a discussion of the problems of recognizing an adult caddisfly), extinct groups
known from the fossil record are often difficult to place, a problem that becomes
more acute with fossils older than ~210 mya (Late Triassic). For instance,
Kristensen and Skalski (1999) suggested that even Necrotauliidae (Middle to
Late Triassic) – the best candidate for the earliest true Trichoptera – is not
unambiguously a trichopteran, since it lacks clear apomorphies, the strongly bent
CuP notwithstanding. Kristensen (1984) also relegated the Triassic proto-moth
Eocorona Tindale to the stem group Amphiesmenoptera, emphasizing the fossil’s
lack of clear lepidopteran apomorphies. Earlier than ~210 mya, fossil fragments,
which typically are of wings only, possess no ‘trichopteran’ versus ‘lepidopteran’
characters, a lamentable situation that has led in the past to a proliferation of
spurious taxa that needlessly complicated amphiesmenopteran taxonomy
(Ansorge 2002). In short, most of the extinct families regarded as early
Trichoptera (Protomeropidae, Microptysmatidae, Cladochoristidae,
Liassophilidae, Prorhyacophilidae and Dysoneuridae), are probably best
regarded as Amphiesmenoptera stem-lineages (Kristensen 1997, 1999).
The phylogenetic relationship of Mecoptera is also critically important in
understanding the possible backdrop for the repeated convergent evolution of
wing coupling in Amphiesmenoptera. Molecular phylogenetic approaches
consistently place mecopteran taxa as outgroup to Amphiesmenoptera (Kjer et
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al. 2002, Kjer 2004; Wheeler et al. 2001). Some questions remain regarding the
phylogenetic topology of Antliophora (containing Diptera, Mecoptera, and
Siphonaptera), the presumed sister taxon to Amphiesmenoptera, but the only
extant taxa suitable for comparison are the tetrapterous mecopterans. Wotton’s
(1992) analysis of the functional aspects of holometabolan wing evolution used
Kristensen’s (1991) Holometabola phylogeny, and relied heavily on the topology
of Antliophora + Amphiesmenoptera in his line of reasoning regarding the
evolution of various flight-related properties. The criticality of mecopteran
morphology as the ‘exaptative background’ for amphiesmenopteran flight
dynamics is suggested by the fact that many taxa retain, in a generalized
condition, many of the components that are thought to be homologous with
structures involved with wing coupling.
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Figure 1.1. Right hindwing coupling apparatus of Metcalfa pruinosa (Say)
(Hemiptera: Flattidae), dorsal view. Scale bar = 10 µm.
Figure 1.2. Right hindwing ‘hamuli’ of Longistigma caryae (Harris) (Hemiptera:
Aphididae), dorsal view. Scale bar = 10 µm.
Figure 1.3. Left forewing coupling apparatus of Sinea sp. (Say) (Heteroptera:
Reduviidae), ventral view. Scale bar = 50 µm.
Figure 1.4. Left forewing coupling apparatus of Cerastipsocus sp. (Psocomorpha:
Psocidae), ventral view. Scale bar = 50 µm.
Figure 1.5. In situ right fore- and hindwings of Frankliniella tritici (Fitch)
(Thysanoptera: Thripidae) showing coupling hook (ch) and coupling seta (cps),
dorsal view. Scale bar = 100 µm.
Figure 1.6. Right hindwing hamuli of Sphecius speciosus (Drury) (Hymenoptera:
Sphecidae), dorsal view. Scale bar = 50 µm.
Figure 1.7. Right hindwing hamuli of Scolia dubia Say (Hymenoptera: Scoliidae),
dorsal view. Scale bar = 50 µm.
Figure 1.8. Right hindwing hamuli of Vespula sp. (Hymenoptera: Vespidae),
dorsal view. Scale bar = 200 µm.
Figure 1.9. Right hindwing hamuli of Macrophya sp. (Hymenoptera:
Tenthredinidae), dorsal view. Scale bar = 50 µm.
Figure 1.10. In situ left fore- and hindwings of Cisseps fulvicollis (Hübner)
(Lepidoptera: Arctiidae), showing engaged retinaculum and frenulum, ventral
view.
Figure 1.11. Partially denuded left forewing of Cisseps fulvicollis (Hübner)
(Lepidoptera: Arctiidae), showing retinaculum, ventral view. Scale bar = 1 mm.
Figure 1.12. Partially denuded left hindwing of Cisseps fulvicollis (Hübner)
(Lepidoptera: Arctiidae), showing frenulum, ventral view. Scale bar = 1 mm.
Figure 1.13. Fore- and hindwing frenulum and retinaculum of various
Lepidoptera. Modified from Braun (1924).
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Figure 1.14. Left forewing jugal lobe and hind wing frenular bristles of Panorpa
sp. (Mecoptera: Panorpidae), ventral view.
Figure 1.15. Illustrations of wing coupling structures of various Trichoptera.
Modified from Betten (1934).
Figure 1.16. Illustrations of wing coupling structures of various Trichoptera.
Modified from Betten (1934).
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CHAPTER TWO
VIDEOGRAPHY

Introduction
No amount of static comparative data can fully elucidate the wing interaction
mechanism. Thus, cinematography must be brought to bear on the problem,
resulting ideally in a more complete picture of the biomechanics of flight (Ennos,
& Wootton 1989, Grodnitsky and Morozov 1993, Ivanov 1985, 1990, 1991).
Cinematography has been used with great reward for many pterygote taxa,
including some Trichoptera, and with additional techniques, such a speckle wind
flow visualization (particle image velocimetry) and strobe light (Ivanov 1985,
1990). These techniques are not only suitable for diagnosing the basic
biomechanical pattern, but also provide data on wing velocity and trajectory, the
pattern of air moving around the wing, the attitude of the body and appendages
while in flight, and how the insect makes adjustments in wing position. Thus far,
however, a detailed analysis of coupled wings in free-flight (versus tethered
flight) has not been available.
The objective of this study was both to use high-speed video to visualize wing
motions during free-flight across a variety of “coupled” and “uncoupled” taxa,
including representatives from the Trichoptera groups Annulipalpia, Integripalpia
and ‘Spicipalpia’, in order to provide an initial evaluation of the functional
consequences of wing coupling in these groups. In general the videographic
evidence verified a priori inferences, based on morphological evidence, that the
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wings either are or are not coupled during flight. These videos show that not only
do Trichoptera with wing coupling differ significantly from those without wing
coupling in the relative orientation of the forewings and hindwings during the
downstroke, but that depending on taxon, wing separation may or may not occur
on the upstroke. The data additionally suggested the functional morphology of
certain wing structures in taxa that do not fully couple the wings for an entire beat
cycle, and that two taxa, Micrasema sp. (Brachycentridae) and Polycentropus sp.
(Polycentropodidae), employ wing coupling even though initial comparative
analyses did not suggest that an effective coupling system was present. A
significant result is that, based on the videographic evidence, the terminology of
wing coupling will need revising. All Trichoptera taxa examined have wings that
move in unison during the downstroke. Trichoptera therefore cannot be divided
into the groups ‘functionally dipterous’ and ‘functionally tetrapterous’, because
they are all functionally dipterous on the downstroke. Depending on taxon, wing
separation may or may not occur on the upstroke. For the purposes of this
discussion, wing coupling will refer to those taxa that are functionally dipterous
throughout the beat cycle. Furthermore, Trichoptera with wing coupling differ
significantly from those without wing coupling in the relative orientation of the
forewings and hindwings during the downstroke.
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Material and Methods
Specimens for videography were collected at a blacklight trap the evening before
videography and stored, one per four-dram vial, in a refrigerator until the next
morning. High-speed cine was collected by a Phantom Vision Research™
camera with a 50 mm lens set to capture images at ~7000 frames per second.
Caddisflies were filmed while in a free-flight cubical enclosure constructed from
acrylic and glass, approximately 8 cm on edge. Typically several specimens of
the same species were introduced into the container, which increased the
likelihood that the caddisflies would become excited enough to fly. The flight
boxes were illuminated with fiber optic illumination sources, but to minimize the
amount of time the caddisflies were under the hot light, the flight boxes were
removed from the lights during the intervals between cine captures. After filming,
the caddisflies were placed in alcohol and identified. Cine files were converted to
.avi format using Phantom Vision Research™ software. AVIEdit™ software was
used to view the .avi file as a sequence of still images and to extract single frame
GIF images from the film. Tracings of the single frame images were scanned and
plates were assembled in Adobe Photoshop®. Voucher cinematography files and
saved in .avi format.
For purposes of discussing the motion of the wing during a beat cycle, the
wing beat cycle can be dissected into four phases, comprised of downstroke and
upstroke components, and the maximum dorsal and ventral extension points that
are the transition positions between the downstroke and upstroke.
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Results
The species investigated may be grouped according to the patterns of coupling
they exhibited.
Phylocentropus sp. (Annulipalpia: Dipseudopsidae), Parapsyche sp.
(Annulipalpia: Hydropsychidae) and Lepidostoma sp. (Integripalpia:
Lepidostomatidae)- Kinematically Uncoupled
As evidenced by videography and as inferred on morphological criteria,
the above taxa do not employ wing coupling (Figs. 2.1.-2.3). Complete wing beat
sequences were captured for these taxa, and sequences from various angles
unequivocally demonstrate that the forewings and hindwings are separated on
the dorsally directed upstroke part of the cycle. Starting from the dorsal maximum
prior to the initiation of the downstroke (e.g., Fig. 1c), the wings are closely
appressed and overlapping, with the forewing dorsal to the hindwing. The
downstroke consists of a ventrally directed push combined with an anteriorly
directed pull. Since the forewing is dorsal to the hindwing, the forewing motion
enforces a ventrally directed motion on the hindwing. The inferred morphological
basis for this outcome is that the forewing jugal lobe pushes on the prehumeral
setae of the hindwing, and distally the posterior margin of the forewing pushes
down on Costa of the hindwing. However, since the wings must also move
anteriorly during the stroke, the forewing is seen to slide somewhat longitudinally
over the hindwing as it progresses through the beat cycle. This longitudinal
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motion begins during the initial part of the beat cycle, but ceases before the
ventral maximum is achieved, during which the margin of the hindwing is also
seen to move anteriorly. The inferred morphological basis for this motion is that
the hindwing prehumeral setae ‘catch’ on the forewing jugal lobe, such that the
hindwing is ‘dragged’ anteriorly by the dominant motion of the forewing.
Videography clearly shows that at the ventral maximum (c.f. Fig. 2.2a) the
posterior margin of the forewing and the anterior margin of the hindwing are
separate, even though the wing surfaces are appressed. During the upstroke the
wing surfaces can clearly be seen to separate, with the extent of separation
increasing until the dorsal maximum is achieved, such that the hindwing lags the
forewing during the upstroke.

Agapetus sp. (Spicipalpia: Glossosomatidae)- Kinematically uncoupled
The video of Agapetus sp. is not ideal, but the film suggests that the wings
are not coupled; one wing pair is sufficiently in focus that separation between the
forewing and hindwing is evident during the upstroke. The forewing of Agapetus
sp. possesses a hatchet-shaped jugal lobe, and the adjacent anal angle is
densely populated with microacanthae. In the hindwing there are two prehumeral
setae, and distal to the humeral vein there is a row of spatulate setae that are
suggestive of hamuli. As indicated on the video, these structures probably do not
secure the wings during the upstroke, but may enhance the connection made by
the wings on the downstroke. Until additional evidence is acquired, it remains
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unclear whether there is coupling more extensive than presently recorded, or
whether the hamuli-like spatulate setae on the coastal margin of the hindwing are
involved in partial wing coupling. Biomechanically, the hamuli-like setae may
possibly interact with the microacanthae that populate the anal angle and the
ambient costal vein basally.

Polycentropus sp. (Annulipalpia: Polycentropodidae): possibly kinematically
coupled
Several sequences of Polycentropus sp. were captured. In contrast to
Agapetus sp., the video is clear enough to conclude that an intermediate type of
wing coupling may be operating. The sequences reveal that the forewings and
hindwings separate on the upstroke, but also reveal that the wings appear to be
more tightly joined during the downstroke than the wings of Parapsyche sp.,
Phylocentropus sp., and Lepidostoma sp. During the upstroke, however, the wing
blades do not appear to separate to the same extent they do in the above taxa.
Furthermore, in these taxa the forewing slides anteriorly over the hindwing as
they move ventrally and anteriorly, but in Polycentropus sp. the two margins
move in unison, suggesting that there is some type of enhanced interaction.
Polycentropus sp., like Phylocentropus sp., Parapsyche sp., Lepidostoma sp.
and Agapetus sp., has a stout cluster of prehumeral bristles, but it additionally
possesses a single row of stout setae that originate at the humeral vein and
continue along Costa for ~20% of its length. These may enhance the connection
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between the wings on the downstroke and contribute to some degree of
connection during the upstroke.

Micrasema sp. (Integripalpia: Brachycentridae), Hydropsyche sp. (Annulipalpia:
Hydropsychidae), Triaenodes sp. (Integripalpia: Leptoceridae), Nectopsyche sp.
(Integripalpia: Leptoceridae) and Molanna sp. (Integripalpia: Molannidae)Kinematically coupled
The above taxa are functionally dipterous, having forewings and
hindwings joined for the entire beat cycle (Figs. 2.4-2.7). Numerous sequences
were collected that provided different angles for analysis and that captured the
insects in different positions during flight, including take-off, ascending flight, level
flight, turning and falling. Coupling is evidenced by the fact that a well marked
‘seam’ is formed where the posterior margin of the forewing and the anterior
margin of the hindwing are in contact. The trajectory of the wings during a beat
cycle also indicates that the forewing is mechanically dominant to the hindwing,
and suggests that the hindwing moves through its beat cycle more or less
passively. The forewing leads the downstroke and is responsible for ‘pulling’ the
wing pair anteriorly. On the upstroke, the wing pairs recoil as a single wing blade,
but the forewing travels comparatively further toward its maximal extent. Overall,
there is more dorso-ventral motion in the forewing component of the beat cycle
than in the hindwing.
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Two sequences were captured that show that the wings need not be
coupled in order to function. In the first sequence, the specimen is seen with the
left forewing and hindwing separated (Fig. 2.8). Over three successive strokes
the margins remain separated, but become coupled on the fourth complete cycle
(Figs. 2.8a,b). In a second sequence the right hindwing can clearly be seen to
overlap more than usually the ventral surface of the forewing (Fig. 2.8c). The
remainder of the video is not clear enough to determine if coupling was achieved
during the next beat cycle, but the specimen continued to ascend.
The wings also remain coupled while the specimen is flying upside down.
Several sequences were collected with the specimen flying while upside down,
including one with the specimen gaining altitude. Two sequences were collected
that show that the beat cycle while inverted is identical to that while in the normal
position (Fig. 2.9)
Sequences were also collected that revealed how the insects prepare for
takeoff. In all cases where the video was sufficient to draw a conclusion, the
insect was seen to launch itself into the air by the second and third pair of legs.
The point during take-off preparation when the wings are activated varies
between taxa. In Molanna ulmerina, the wings are raised dorsally while the insect
is preparing to jump, and the first downstroke coincides with the take-off jump.
The wings are brought into the coupled position while being moved dorsally. In
Hydropsyche betteni Ross, the wings remain by the side during the take off jump,
and are brought dorsally while the insect is the air. In one sequence, the wings
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are coupled during the first downstroke, and in a second sequence the wings are
coupled on the downstroke of the second beat cycle.

Discussion
A interesting question raised by the videos is whether the dichotomy of flight into
‘uncoupled’ and ‘coupled’ is overly coarse, and inappropriately excludes
interaction modes that may fall on a spectrum from completely uncoupled to fully
coupled. As discussed earlier, the wings of Agapetus sp. and Polycentropus sp.
do not possess a morphologically convincing coupling system, yet the video
suggested that they are not moving as independently as the wings of
Phylocentropus sp., Parapsyche sp. or Lepidostoma sp. In particular, the
downstroke suggested that the wing margins were in more intimate contact than
in the above taxa, and that during the upstroke the wings were less disjoint. In
sum, this possibility suggests that there may be a ‘functional continuum’ that
corresponds to a ‘morphological continuum,’ in which there may be degrees of
coupling that correspond with the mechanical efficiency of the coupling
mechanism. If so, such would enhance the scenario that is developed in
Chapters 5 and 6 regarding the evolution of coupling. In particular, there may be
energetic costs associated with wings that overlap substantially during the
downstroke and that separate during the upstroke. In Parapsyche sp. and
Phylocentropus sp., for example, the hindwing is substantially eclipsed by the
forewing, which implies that not all available surface area is being used during
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the wing beat. During the upstroke, wing separation could possibly lead to
unfavorable aerodynamic consequences, but this hypothesis should be tested in
greater detail.
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LIST OF FIGURES

Figure 2.1. Tracings of still images extracted from video: Phylocentropus sp.
(Annulipalpia: Dipseudopsidae). 1a: Upstroke, showing clear separation of wing
margins. 1b: Downstroke near the ventral maximum, showing dominance of the
hindwing over the forewing and close appression of the surfaces. 1c: Beginning
of downstroke near the dorsal maximum, showing that the anterior margin of the
hindwing overlaps ventrally the posterior margin of the forewing. Arrow =
direction of stroke; 1, 2, 3 = foreleg, midleg, hindleg, respectively; a = antenna;
FW = forewing; HW = hindwing; and p = palp.
Figure 2.2. Tracings of still images extracted from video: Parapsyche sp.
(Annulipalpia: Hydropsychidae). 2a: Downstroke, showing angle formed between
the wing margins, revealing that the two margins are not physically linked during
the stroke even though the two wing surfaces are appressed. 2b: Upstroke,
showing separation of the two surfaces and their margins during the upstroke.
Arrow = direction of stroke; 1, 2, 3 = foreleg, midleg, hindleg, respectively; a =
antenna; FW = forewing; HW = hindwing; and p = palp.
Figure 2.3. Tracings of still images extracted from video: Lepidostoma sp.
(Integripalpia: Lepidostomatidae). 3a, c: downstroke showing separation of wing
margins. 3b: upstroke showing clear separation of wing margins such that the
hindwing lags the forewing. Arrow = direction of stroke; a = antenna; 1, 2, 3 =
foreleg, midleg, hindleg, respectively; FW = forewing; HW = hindwing; p = palp.
Figure 2.4. Tracings of still images extracted from video: Micrasema sp.
(Integripalpia: Brachycentridae). 4a, c, d: upstroke showing union of the forewing
and hindwing margins. 4b, e: downstroke showing union of the wing margins.
Arrow = direction of stroke; 1, 2, 3 = foreleg, midleg, hindleg, respectively; a =
antenna; FW = forewing; and HW = hindwing.
Figure 2.5. Tracings of still images extracted from video: Hydropsyche sp.
(Annulipalpia: Hydropsychidae). 5a, c: downstroke showing union of the forewing
and hindwing margins. 5b: upstroke showing union of the forewing and hindwing
margins. Arrow = direction of stroke; 1, 2, 3 = foreleg, midleg, hindleg,
respectively; a = antenna; FW = forewing; and HW = hindwing.
Figure 2.6. Tracings of still images extracted from video: Triaenodes sp.
(Integripalpia: Leptoceridae). 6a, c: upstroke showing union of the forewing and
hindwing margins 6b, d: downstroke showing the union of the forewing and
hindwing margins. Arrow = direction of stroke; 1, 2, 3 = foreleg, midleg, hindleg,
respectively; a = antenna; FW = forewing; HW = hindwing and p = palp.
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Figure 2.7. Tracings of still images extracted from video: Molanna sp.
(Integripalpia: Molannidae). 7a: downstroke showing union of the forewing and
hindwing margins. 7b, c:Upstroke showing union of forewing and hindwing
margins. Arrow = direction of stroke; 1, 2, 3 = foreleg, midleg, hindleg,
respectively; a = antenna; FW = forewing; and HW = hindwing.
Figure 2.8. Tracings of still images extracted from video: Hydropsyche betteni.
(Annulipalpia: Hydropsychidae). 8a: Upstroke, showing that the left wing margins
are clearly separated. 8b: Upstroke, showing the wings in the coupled position.
8c: Upstroke, showing the right hindwing ventral to the forewing for much of the
forewing’s width, indicating that they are uncoupled during this part of the flight.
1, 2, 3 = foreleg, midleg, hindleg, respectively; a = antenna; FW = forewing; HW
= hindwing and p = palp.
Figure 2.9. Tracings of still images extracted from video, filmed while insects
were falling in an inverted position. 9a: Nectopsyche sp. (Integripalpia:
Leptoceridae), with wings remaining coupled. 9b: Hydropsyche betteni.
(Annulipalpia: Hydropsychidae), with wings remaining coupled. Crossed arrows
indicating anterior (ant), posterior (post), ventral and dorsal parts of the animal; 1,
2, 3 = foreleg, midleg, hindleg, respectively; a- = antenna; FW = forewing; HW =
hindwing and p = palp.
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CHAPTER THREE
COMPARATIVE MORPHOLOGY OF WING COUPLING STRUCTURES:
ANNULIPALPIA

Introduction
Annulipalpia currently comprises 4605 of the 12927 described caddisfly
species, a certain underestimate given the number of undescribed taxa in Asia
and the Neotropics (Morse 2003, 2009). While the monophyly of Annulipalpia
was asserted previously on morphological grounds alone, (e.g., Morse 1997),
recent molecular studies have clarified some internal relationships (Kjer et al.
2002, Geraci et al. 2005, updated by Holzenthal et al. 2007; Fig. 3.1).
The wings of Parapsyche apicalis Banks (Hydropsychidae:
Arctopsychinae) are shown to highlight general wing morphology, and the
forewing of Dolophilodes distincta (Walker) to show detail of the jugal lobe (Figs.
3.2 – 3.3). Within Hydropsychoidea, wing coupling occurs in at least some
Polycentropodidae, the Hydropsychidae subfamilies Hydropsychinae and
Macronematinae, and possibly Ecnomidae. The Hydropsychidae subfamilies
Arctopsychinae and Smicrideinae do not couple the wings, nor is there evidence
that the outgroup taxa “Philopotamoidea,” or Rhyacophilidae: “Spicipalpia”
employ wing coupling.
Particularly relevant to general phylogenetic and morphological
considerations is the presence or absence of a forewing jugal lobe (fibula, Betten
1934: 33; Figs. 3.2–3.5) and the condition of the macrosetal cluster (prehumeral
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setae, phs) at the anterior base of the hindwing (Figs. 3.6–3.14) and along Costa
(costal setae, cs). In Trichoptera, there is an imperfect correlation between the
absence of the forewing jugum and the presence of coupling structures. The
jugum is present in most Annulipalpia and “Spicipalpia,” sporadically present in
Integripalpia, and is homologous with the jugum typical of Homoneura grade
Lepidoptera (Kristensen 1999, p. 85), but may be highly modified in some taxa
(e.g., Ecnomidae; Psychomyiidae: Paduniella nearctica Flint, in which taxa it
resembles the jugum of certain ‘jugate’ Lepidoptera, such as Micropterygidae
and Hepialidae). The margin of the jugum is continuous with the ambient costa
(Arnold 1964; Fig. 3.2), which itself is a continuation of Costa. Ambient costa (ac)
is a true vein (though seldom discussed or labeled in the Trichoptera taxonomic
literature), as evidenced by the fact that it actively collects and circulates
hemolymph distributed through the wing blade by the other wing veins (Arnold
1964), although there is no evidence of a nerve. Proximally, the jugum is
attached to the thorax by the axillary cord, a highly flexible and extensible
continuation of the jugal margin, which serves to anchor the posterior margin of
the wing to the thorax, to maintain hemolymph flow into the thorax and possibly
to reduce the risk of tearing while under the stretching and shearing forces
experienced during flight. When the wings are at rest, the jugum folds under the
forewing so that the ventral surface of the lobe contacts the ventral surface of the
forewing anal angle. Any in vitro manipulation of the forewing that causes the
blade to rotate about the axillary sclerites, such as moving the anterior edge
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forward, will cause the jugum to flex dorsally at the crease in the anal angle (anojugal furrow, ajf) and stretch the axillary cord. In such a position it can contact the
prehumeral setae (phs) of the hind wing when rotated forward.
The prehumeral setal cluster present in Trichoptera (called “frenulum” by
Betten 1934) is homologous to that of Lepidoptera: Heterobathmiidae (described
and figured by Kristensen 1999) that arises “…proximad from the humeral
crossvein (as) a series of long and stout, distinctly socketed bristles,” and
attributed by him to the “…lepidopteran ground plan.” In Trichoptera, these setae
occur in most Annulipalpia (e.g., Figs. 3.6–3.14), “Spicipalpia” and many
Integripalpia, and are morphologically very similar to those of Epimartyria
auricrinella Walsingham (Lepidoptera: Micropterygidae), in which species they
occur as a close-set row of four equally sized, cylindrical, socketed setae.
In the outgroup taxa Philopotamidae and Rhyacophilidae, and the ingroup
taxa Arctopsychinae, Diplectrona spp., the prehumeral setae display
taxonomically significant morphology. The setae in Philopotamidae and
Rhyacophilidae, which vary in number and distribution (~20 in a two-tiered linear
cluster, Dolophilodes distincta (Walker) and Rhyacophila fuscula; ~10 in an oval
cluster, Diplectrona sp., Fig. 3.13), become markedly serrate-fimbriate apically
(e.g., Fig. 3.10). In Arctopsychinae (Parapsyche spp., Arctopsyche irrorata
Banks) they occur in an oval cluster of ~20. In Arctopsychinae, Diplectrona sp.,
and Dol. distincta, a row of long and evenly spaced setae distal of the humeral
vein (costal setae, cs) continues for ~1/3 the length of Costa (Figs. 3.6, 3.13).
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The prehumeral setae and costal setae of Arctopsychinae are longitudinally
fluted to a tapered apex, in contrast to the more nearly smooth setal morphology
seen in “Diplectroninae” (Figs. 3.11–3.13). The prehumeral and costal setae
groups are quite modified, with each seta acquiring acuminate serrations that
become more pronounced apically. This morphology is particularly developed in
Diplectrona spp., but present, though less developed, in Austropsyche sp. The
morphology of the setae of Dol. distincta and Diplectrona modesta Banks differs
primarily in that the serrate longitudinal carinae of the former are less
pronounced (Figure 3.10); in Dip. modesta the serrations are reduced to evenly
spaced quadrangular knobs (Figure 3.12).

Wing coupling mechanisms in Hydropsychidae: general considerations
Previous descriptions of coupling structures in Hydropsychidae are limited
to simple illustrations by Betten (1934: 34–35), and more descriptive illustrations
of Hydropsychinae and Macronematinae (Schefter 1996: 624), Macronematinae:
“Polymorphanisini” (Barnard 1980), and Macronematinae (Barnard 1984).
Schefter’s (1996) phylogenetic analysis incorporated morphological properties of
the coupling apparatus, but neither Schefter nor Barnard (1980, 1984) explored
the functional aspects of the various coupling apparatus subcomponents.
Current phylogenetic evidence indicates that each of the subfamilies
Hydropsychinae and Macronematinae can be delineated by their possession of a
unique (synapomorphic) wing coupling system (Figs. 3.60–3.61). Schefter’s
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(1996) analysis suggested this result, in which study her wing coupling
“Character 22” was coded “0 = forewing unmodified; 1 = A1 with short row of
recurved setae; 2 = A1 part of file and groove structure.” Molecular analyses
corroborate Schefter’s result that data for character 22 support a hydropsychinetype wing coupling (character state 1) and a macronematine-type wing coupling
(character state 2) as synapomorphies for each taxon. For definitional purposes,
the primary setal structures involved in the coupling mechanism will be called
hamuli. Although the term has not been used for the modified setae of
Hydropsychinae or Macronematinae, Tillyard (1918, p.294) adopted the
etymologically similar term multihamulate to describe the “…development of the
hairs into stiff hooks…” that affect wing coupling in several Integripalpian groups.
The term hamuli, as used here, is entirely descriptive, and in no way implies
synapomorphy; the hamuli of Hymenoptera, Integripalpia, and Hydropsychinae
and Macronematinae are not homologues, although at a more general level, they
are all homologous as socketed setae.
In Hydropsychinae the hamuli are on Anal1 (A1) of the forewing (e.g., Figs.
3.15–3.20), and in Macronematinae the hamuli are on Costa of the hind wing
(e.g., Figures 3.51, 3.59). In each case the coupling is mechanically robust, but
sufficiently pliable to accommodate flexural forces acting on the aerofoil as it
moves through the beat-cycle.
Hydropsychoidea and outgroup wings are illustrated in Figs. 3.4–3.5. The
arrangement of the illustrations represents one hypothesis from a Bayesian
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analysis of five gene fragments. Most notably Fig. 3.5 reveals that the absence of
a forewing jugal lobe correlates with the presence of wing coupling structures, a
phenomenon also seen in Integripalpia (personal observations). Corresponding
to the loss of a forewing jugal lobe is the diminution in the hind wing of the
prehumeral setae. These setae are present in all outgroup taxa and the
Arctopsychinae, “Diplectroninae” and Homoplectra spp.
Other features that appear to correlate with the evolution of a wing
coupling apparatus include general wing shape and geometry of the forewing
posterior margin and hindwing anterior margin. The wings of the outgroup taxa
Philopotamidae and Dipseudopsidae, and the ingroup taxon Arctopsychinae
(e.g., Parapsyche sp.), are more ovate in outline (the forewing in particular, Fig.
3.2) and with a significantly arched posterior margin. Such a shape apparently
precludes a posterior forewing/ anterior hindwing margin geometry conducive to
wing coupling.

Materials and methods
For light microscopy, wings were prepared by dissection from the body and
dehydrated in 100% ethanol. After dehydration, the wings were briefly soaked in
clove oil and mounted in Canada balsam. Wings were removed with the axillary
apparatus attached. If the wing was to be photographed, the wing vestiture was
removed by gently brushing with fine camel hair brushes, taking care not to
interfere with putative wing coupling structures. Forewings were typically
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mounted with the dorsal surface facing ventrally and hindwings with the dorsal
surface facing dorsally. Mounting the forewing so that the jugal lobe remained in
the extended position (i.e., not reflexed under the wing) required an additional
step, adapted from the technique for mounting Thysanoptera. After placing a
drop of Canada Balsam on the slide, a cover slip was lowered onto the drop until
a thin layer spread onto the cover slip. The cover slip was then removed,
inverted, and the forewing placed on the cover slip with the dorsal surface facing
dorsally. The wing was manipulated into the correct position with minuten pins
such that the jugal lobe was extended. With the cover slip in the correct position
the slide was gently lowered onto the cover slip. Digital light images were
acquired from either a compound or stereo microscope equipped with a
ProgRes® C5 digital camera.
For scanning electron microscopy, dissected wings were dehydrated in
ethanol, air dried, and mounted on stubs with double sided conductive tape.
Some wings were degreased in xylene prior to dehydration in ethanol.
Specimens were sputter coated with gold in a Denton Vacuum Desk II for ~80
seconds, and imaged in a Jeol 5300 ESEM. Screen images were photographed
with a digital camera mounted to the SEM camera attachment. Digitally acquired
images were manipulated in Adobe Photoshop® for plate assembly. Terminology
for wing morphology is based on Schmid (1998), Schefter (1996), and Barnard
(1980), except where explained. A list of terms and their abbreviations is given in
Table 1. A list of taxa examined and collection data is given in Appendix 1.
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Voucher specimens and slide mounted wings are in the Clemson University
Arthropod Collection, Clemson University. The majority of specimens examined
were from the Clemson University Arthropod Collection, with additional
specimens borrowed from Dr. Oliver Flint (Smithsonian Institution), Dr. Ralph
Holzenthal (University of Minnesota) and Dr. Karl Kjer (Rutgers University).

Results
Hydropsychidae: Hydropsychinae
Examination of the wing coupling system of Hydropsychinae suggests that
it is bio-mechanically quite complex (Figures 3.31, 3.60). Possibly, the functional
outcome is analogous to a pair of counter-acting micro-levers in which the forces
generated during flight that might act to separate the wing margins are mitigated.
The forewing components occur on the ventral surface of the wing in the region
of the anal cell; those of the hindwing, while restricted to Costa, are distributed
around the circumference of the vein. All Hydropsychinae taxa examined
possess the following synapomorphic complex, however there is genus-level
taxonomic variability in the morphology of some characters. The characters listed
below are themselves comprised of multiple character states that in phylogenetic
analyses could just as easily be construed characters in their own right.
Forewing:
1) Absence of forewing jugal lobe;
2) Linear or slightly concave forewing ambient costa vein;
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3) Forewing vein A1 parallel to ambient costa vein (Figs. 3.4A, 3.31C);
4) Forewing with a narrow, approximately parallel-sided anal cell (resulting from
properties 2 and 3, contra Parapsyche apicalis (Banks), Fig. 3.2);
5) Stout and variously curved and modified socketed setae on forewing A1
(hamuli; Figs. 3.15–3.24, 3.31);
6) The hind wing hamuli are linearly arranged along a well-defined section of A1,
with their bases projecting perpendicularly to the wing membrane or at slight
apically oriented angle (e.g., Figs. 3.15–3.18);
7) The forewing hamular row opposes a bed of cuticular acanthae of variable
extent and topology. The row originates in the proximal anal cell and forms a
well-delimited band parallel to A1, but is separated from it by a narrow band of
wing cuticle with much reduced surface structure (Figs. 3.15, 3.11, 3.17, 3.21–
3.22, 3.31B).
Hindwing:
1) Costa is approximately linear in the region opposite forewing A1. That is, when
the wings are coupled, the anterior margin of the hind wing is roughly parallel to
A1 of the forewing (e.g., Fig. 3.31C).
2) Stout socketed setae of Costa are apically directed, with the setae becoming
progressively more recumbent so that region of Costa corresponding to the
position of the hamular setae of the forewing is approximately parallel to Costa.
In cross section, the setae form a halo around Costa (Figs. 3.28–3.29, 3.60).
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3) A distinct series of stout socketed setae forms a linear row along dorsal edge
of Costa. In the costal region corresponding to the region of forewing acanthaehamuli, the setae assume a curved sinusoidal morphology with apically directed
tips (Figs. 3.26–3.30).
4) The geometry of Costa is progressively more offset from Subcosta (Sc) so that
the dorsally originating setae (character 3) project from the wing surface. That is,
in the region where the setae of Costa engage the forewing, the proximo-distal
trajectory of the Costa deviates from the proximal geometry, where it is roughly
collinear with other veins, to a distal position offset from them (Fig. 3.60).
The functional outcome of the following conditions, exemplified by
Hydropsyche betteni Ross (Figures 3.31, 3.60), is the following: The posterior
forewing and anterior hindwing margins are spatially approximate when the
wings are in the coupled position (Fig. 31C), and the halo of apically directed
setae of Costa is retained by the hamular setae on the forewing A1. The costal
sinusoidal setae on the off-set margin of the hindwing are positioned in the space
on the forewing between the A1 hamuli and the anal-cell bed of acanthae. In
vitro, this linear row of setae can be made to glide over the anterior margin of the
acanthae. The coupling achieved is sufficiently robust to be retained by
specimens preserved for years in alcohol. The system can be engaged with dead
specimens in vitro and manipulated, remaining coupled after dissection from the
body and slide-mounting.
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Taxonomically significant variation occurs for several characters in the
system. The hamular setae vary among taxa (approximately genus-level) in both
their linear extent along A1 (i.e., total number), and the shape of the setae in the
cluster. In Hydromanicus umbonatus Li and Hydromanicus sp., for example,
there are ~20–22 hamuli, each uniformly shaped, curved, tapered to a blunt
apex, and distributed for ~1/4–1/3 of the length of the free A1. The hamuli
characteristic of Cheumatopsyche spp. are on a more restricted length of A1,
number less than ~15 and are of at least two morphological types. In taxa
examined, 3–5 of the hamuli are distinctively fluted in both their overall
morphology and their surface sculpture (Figs. 3.19, 3.21, 3.24). Flanking this
cluster on either side are one to several setae with the more typical
Hydropsychinae claw-like morphology. The hamuli characteristic of Potamyia
spp. are comparatively shorter and tapered apically, each with a sub-apical
flange, such that it assumes a duck-billed profile (Figs. 3.16, 3. 23).
The bed of acanthae in the forewing anal cell are also variable, but less
distinctively so than the hamuli. Variability among taxa is expressed in the overall
length of an acanthus, density (number per unit area), and the amount of apical
curvature of the hamuli.

Hydropsychidae: Macronematinae
In Schefter’s (1996; 618, tab. 2 and 624, fig. 5B) analysis, Character 22
(wing-coupling; state 2) was described in Macronematinae as “A1 part of file and
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groove structure.” Her “Figure B” correctly diagrams the basic mechanism, but
A1 in Macronematinae, unlike A1 in Hydropsychinae, does not function with any
interacting components of the hindwing. Barnard’s (1980, 1984) illustrations were
descriptively accurate, but they did not play a significant role in his revisionary
work, nor was functionality discussed.
A diversity of setal structures are involved with wing coupling, but display
taxonomic variability in their presence or absence; figures in Barnard’s revision of
“Polymorphanisini” (1980: 62, figs. 1-7) clearly indicate this. Thus,
Macronematinae wing coupling displays more structural variation than that of
Hydropsychinae, and an exhaustive revisionary survey of the relevant characters
will undoubtedly provide a wealth of morphological data that would contribute to
the recent molecular analyses.
The wing coupling apparati of the Macronematinae taxa Macrostemum sp.
(Fig. 3.33) and Oestropsyche vitrina (Hagen) are figured (Figs. 3.58–3.59, 3.61).
Variation among taxa in components of the apparatus is shown for several other
taxa (Figs. 3.34–3.57), and as in Hydropsychinae the variation appears to be
taxonomically informative. The Macronematinae theme involves cuticular
modifications on the ventral forewing surface that engage with variously modified
socketed setae on the hindwing Costa (or additionally Subcosta, Radius, and/ or
intervening membrane). The ‘file and groove’ moniker given by Schefter (1996) is
apropos, with the entire forewing component sculpted from wing membrane
cuticle. Macronematinae wing coupling is biomechanically different from that of
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Hydropsychinae, with details of the interaction mechanism functionally analogous
to the mechanism in Integripalpia: Leptoceridae, Molannidae, and
Helicopsychidae (personal observation).
Forewing putative synapomorphies include the following:
1) Absence of forewing jugal lobe.
2) Diffuse acanthae in the proximal (axillary) region of forewing anal cell (cf.
microspines, Schefter 1996) progressively define a ridge-like structure (“file”,
Schefter 1996; Figures 3.34–3.45) in the forewing posterior to A1 (Figs. 3.33,
3.42, 3.44–3.45, 3.58F), but which in some taxa are nearly superimposed on A1.
The cuticular ridge is adorned with acanthae of taxonomically and positionally
variable morphology (Figs. 3.34–3.45, 3.58). The ridge is generally linear and
parallel to the posterior margin of the forewing, but often assumes an anteriorly
directed deflection in the apical section before terminating (e.g., Macrostemum
sp., Fig. 33A). In its morphologically most extreme form (e.g., O. vitrina, Fig.
3.58E), the cuticular ridge is essentially a pseudovein of nearly circular crosssection. The position of the file relative to the posterior vein is also taxonomically
variable, with significant separation between the two of them in Leptonema
boliviense Mosely, and very little separation in O. vitrina.
3) Between the cuticular ridge (“file”) and A1 there is a region of essentially bare
wing membrane defining a “groove” (Schefter 1996). In examined taxa, A1 is
always differentiable from this groove (Figs. 3.42, 3.44-3.45).
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4) The forewing posterior vein often bears a covering of stout socketed setae, but
these are absent in some taxa. When present, they typically are quite small and
distributed among vein-covering acanthae. In some taxa (e.g., O. vitrina; Figs.
3.58B, F), the stout socketed setae become prominent apically and are involved
in part of the coupling mechanism (explained in greater detail below).
Hindwing. The main interacting components are socketed setae on the Costa
(hamuli). These setae are remarkably variable among taxa in their
micromorphology (Figs. 3.46–3.57, 3.59B).
1) The prehumeral setae proximal to the humeral vein are reduced in size. The
setae are long but are hair-like and devoid of surface sculpture.
2) The Costal vein is proximally adorned with a linear cluster of long, thin,
tapering socketed setae that are denticulate for all or most of their length (Figs.
3.46, 3.48–3.49).
3) In all taxa examined, at least one other morphologically distinct class of setae
predominates distally, with the transition loosely corresponding to the region of
differentiation of the forewing that becomes the cuticular ridge. Depending on
taxon, the setal morphology transition is either quite abrupt, or gradual as setae
progressively acquire new denticulation patterns (Figs. 3.47, 3.50, 3.51–3.55). In
other taxa (e.g., Macrostemum sp.) a distinctive class of setae is present and
restricted to the distal-most section of the coupling system. These setae assume
a robust hook-like morphology with distinct teeth adorning the inner contour of
the hook (Figs. 3.56–3.57).
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4) Subcosta and/or Radius in some taxa bearings a row of socketed setae
(macrotrichia of Barnard, 1980) varying taxonomically in their morphology (c.f.
illustrations by Barnard 1980). In Macronema sp. and Baliomopha sp., this row of
undifferentiated setae is restricted to Radius, and in Macrostemum sp. and
Amphipsyche sp., there is no second row. In O. vitrina, Polymorphanisus sp. and
Synoestropsis sp., a row of differentiated hook-tipped setae is present and
suggestive of a role in wing engagement, and in O. vitrina, an intermediate series
of lanceolate setae is present on the Subcosta (Figure 3.59, 3.62–3.63). The
secondary setae of Polymorphanisus sp. and Synoestropsis sp. are similar both
in morphology and distribution on the wing, and in both taxa socketed setae are
in the membrane and not the vein, whereas in O. vitrina the setae are primarily
on the vein, with only a few with sockets on the membrane (Figs. 3.62–3.63).
Barnard (1980, p. 63) indicated that the vein in question is “…the stem of Rs
(radius-sector),” but his illustrations (Figs. 1-7) reveal a discrepancy with
presumed homology of veins between O. vitrina and Polymorphanisus sp. and
Synoestropsis sp. In fact, two veins (or one vein and one neo-formation) are
present between Costa and the stem of Radial-sector. Subcosta is quite clear in
all three taxa (and as drawn by Barnard), but in O. vitrina, a vein (or neoformation) between Subcosta and the stem of Radial-sector is evident, but only
under dark-field lighting (Fig. 3.62). Possibly, this structure is not actually a vein
or vein remnant, but a cuticular ‘pseudo-vein.’ In all three taxa, the ‘pseudo-vein’
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cuticle is differentiable from the adjacent wing membrane, but lacks evidence of
either socketed-setae or the interior longitudinal nerve typical of many veins.
The functional outcome of the above conditions, exemplified by O. vitrina
(Figure 3.61), is the following: The file and groove component of the forewing
receives the modified setae of the hindwing Costa. Typically these setae are
curved at the tip and bear variously shaped denticulations that allow for them to
hook over and grip the cuticular ridge (file) and occupy the region defined by
unsculpted membrane (groove). From a biomechanical perspective this appears
to accomplish the primary wing coupling function. Additional subcomponent
interactions also take place, and might be related to enhancing the coupling,
reducing negative aerodynamic consequences of joining the wings, or both. The
entire surface of the forewing anal cell area is covered by acanthae of variable
morphology, and basally these engage the basal setae of the hindwing. The
setae are typically long, thin, and densely adorned with acuminate projections
that suggest that they become embedded in the acanthae of the forewing,
perhaps enhancing coupling via a “Velcro-effect.” However, there may also be
some aerodynamic benefit to sealing the gap that occurs if the wing margins are
not basally approximate. Such a gap could have adverse effects on the flow of air
over the aerofoil, reducing efficiency.
In O. vitrina, the secondary row of setae on and adjacent to Radius of the
hind wing also appears to be functionally engaged. While wings are coupled, this
row is approximate to the stout setae on the forewing posterior vein (Figs. 3.59B,
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3.62). The spacing is such that the recurved tips of the setae on and adjacent to
the Radius could possibly engage the setae on the ambient costa.
Taxonomically significant variation occurs in the acanthae of the forewing
in the anal cell and as they progressively define the file. Also, there is a
necessary relationship between the length of the hind wing coupling setae and
the placement of the file of the forewing. Of all Macronematinae taxa examined
(Appendix 2), the file is furthest removed from the posterior margin in Leptonema
spp.; correspondingly, they have proportionally some of the longest hindwing
setae.

Hydropsychidae: Smicrideinae
A monophyletic Smicrideinae, containing the genera Smicridea
McLachlan, Asmicridea Mosely, and Smicrophylax Neboiss was erected by
Schefter (1996) on morphological characters and recovered by Geraci et al.
(2005) on molecular evidence (posterior probability = 0.95). The Smicrideinae
taxa Smicridea dithyra Flint, Asmicridea edwardsi (McLachlan), Smicrophylax sp.
and the unplaced taxon “Diplectrona” zealandensis Mosely were examined, and
collectively display a diversity of wing characters. Smicridea spp. and “Dip.”
zealandensis lack a jugal lobe, but one is present in both Asmicridea spp. and
Smicrophylax spp.
In Smicridea spp., an evenly spaced row of long thin setae originate at the
base of the hind wing Costa, distal to the humeral crossvein, and extends along
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the dorsal aspect of Costa approximately half the hindwing length; there is no
well developed setal cluster proximal to the humeral vein. The costal setae are
longitudinally fluted but otherwise unremarkable except that the tapered apex of
each becomes curved and assumes a fish-hook morphology (Figs. 3.71, 3.73;
type 1). In S. dithyra, a morphologically distinct class of setae interrupts the major
row. These setae are shorter, narrower, straighter, and have strongly recurved
tips, overall resembling crochet hooks (Figs. 3.72, 3.74; type 2). Collectively the
morphology of the hindwing Costa suggests a coupling function.
The forewing anal cell is densely populated with acanthae on both the
ventral and dorsal surfaces, and long, apically-oriented, recumbent socketedsetae clothing the ambient costa (Figs. 3.75, 3.77). In vitro manipulation of the
wings suggest that the hind wing costal setae become only weakly entangled in
the acanthae, with the wings simply sliding over each other.
However, in vitro manipulation of dead specimens with the wings in the
tectiform position reveals that a hitherto undescribed form-functional complex
exists and is a variant form of wing coupling, apparently unrelated to flight.
In vitro, the hindwing and forewing assume a stereotypical tectiform position
when at rest. Proximally, the Costa of the hindwing is received into a matching
groove on the ventral surface of the forewing (Figs. 3.75–3.76). A complex
longitudinal groove (concave membranous pleat) is formed by the spatial
disposition of Subcosta, relative to Radius, in the region of the hindwing distal to
the humeral crossvein (Fig. 3.69). A flange of membrane evolves from the
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membrane of Subcosta, but becomes disjunct from Subcosta distally, as
indicated by the fact that the nerve in Subcosta deviates from the rim of the
flange distally. Radius and the membrane anteriorly adjacent to Radius form the
opposing surface of the groove; the role of Radius, partially visually obscured by
the complex three dimensionality of the groove, is validated by the presence of a
vein. The topological outcome is that the groove, which is most prominent
basally, receives Costa of the hindwing in the region of the humeral crossvein;
distally, the prominent costal setae occupy the space. Each right and left
forewing anal cell, on the ventral surface, bears acanthae of morphologically
distinct types; a small patch of diminutive claw-like acanthae (minor acanthae)
within a field of longer and tapered acanthae (ventral major acanthae) typical of
other Trichoptera wing membrane acanthae (Figs. 3.67–3.68). The minor
acanthae are uniformly oriented with the apices directed distally along the wing
axis, whereas each ventral major acanthus in the adjacent filed assumes an
oblique orientation within an overall field of acanthae of continuously varying
obliquity. Each right and left forewing anal cell, on the dorsal surface, bears a
morphologically differentiable patch of long, tapered acanthae (dorsal major
acanthae; Figs. 3.65–3.66). The patch is adjacent to ambient costa and
approximately one-quarter the width of the anal cell at its greatest extent, and is
surrounded by a field of shorter and less robust acanthae. The acanthae are
uniformly strongly recumbent and assume a ~135° obliqui ty with respect to the
ambient costa. Thus, when the wings are at rest in the tectiform position (Fig.
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3.77), the forewing ventral surface of one wing is approximate to the forewing
dorsal surface of the opposite wing, and the two patches of acanthae (ventral
minor acanthae and dorsal major acanthae) entangle in a “Velcro-type” manner.
Also evident dorsally when the wings are at rest is that the A1 veins of
each forewing are longitudinally parallel along a dorsal submedial line (Fig. 3.77).
Mesad of the parallel anal veins are the opposing ambient costal veins (also
parallel), with the right ambient costal vein left of the dorsal midline, and the left
ambient costal vein to the right of the dorsal midline (irrespective of right or left
forewing–hindwing superiority). Anal1 is strongly dorsally convex, with the anal
cell membrane manifesting only slight curvature. Thus, the anal cell membranes
of each wing are superimposed for their entire length, with the ambient costal
veins eventually crossing over at the insertion of Cu2 on the ambient costa.
Topologically, a trough-shaped groove is formed longitudinally along the dorsum,
and the wings thereby form a tight midline seal. Also evident is that the basalmost aspect of the anal angle is reflexed and resides ventral to the wing (Figures
3.64, 3.77), such that medially the smooth curvature of each (A3) forms the
mouth of a groove posterior to the mesoscutellar wart. As will be discussed in
more detail in Chapter 5, this suggests the possibility that wings in the tectiform
position, reinforced by the wing-wing locking systems, may function as elytra,
and collectively the morphological outcome suggests hydrodynamic streamlining
and/or the ability to hold the wings tightly against the body while moving through
obstacles such as vegetation.
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Remaining is the question of what, if any, role applies to the hindwing
costal setae. In situ it is primarily the unmodified setae that occupy the ventral
forewing groove, at least distally. I can find no compelling evidence that either the
type 1 or type 2 setae are actively engaging with a forewing structure, but it is
possible that the curved tips of the type 2 setae, which do contact the groove, are
either hooking into the tangle of acanthae that line the groove, or to small
cuticular ridges.

Ecnomidae and Polycentropodidae
The Trichoptera literature contains no reference to the possibility of wingcoupling in Ecnomidae and Polycentropodidae, although the wings of many
Ecnomidae species are illustrated with the setal structures that form the putative
coupling apparatus (e.g., Neboiss 1981, 1982, 1986). In particular, Neboiss
(1982) illustrated the complete system in Ecnomus pansus Neboiss, but did not
discuss the structures in any family-level review or in any of his many Ecnomidae
species descriptions. Additional illustrations suggest that at least some Ecnomina
species (e.g., E. legula, Neboiss) might be capable of wing-coupling (Neboiss
1986). Ecnomia spp. (e.g., E. spatulatus Li & Morse) possess both a jugal lobe
(albeit highly modified) and a cluster of stout prehumeral setae (Fig. 3.79).
In vitro manipulation of insects as small as ecnomids and
polycentropodids is difficult, but manipulation of E. spatulatus specimens did
support the proposal that modified costal setae on the hindwing engage with
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modified setae on the ventral surface of the forewing ambient costa. Although
two types of hindwing costal setae can be discriminated, the distally located
hamuli, comprised of 10-12 ‘J-shaped’ hooks, appear to be the major couplingsetae (Figs. 3.79-3.81). These setae engage a group of 10-15 modified ambient
costal vein setae. The fluted and tapered setae arise obliquely from ambient
costa, but become parallel to ambient costa, such that the group presents a
continuous row of posteriorly directed setal shafts. By hooking over the forewing
setae, the distal hindwing hamuli effect the coupling (Fig. 3.81). The degree to
which the proximal hamular setae participate in coupling is unclear, and in vitro
manipulations of the wings failed to reveal any interaction between the hindwing
frenular setae and the highly modified, thumb-like, jugal lobe.
In vitro manipulation of the polycentropodid species Cernotina spicata
Ross, Cyrnellus fraternus (Banks) and Polycentropus sp. failed to demonstrate
any obvious wing coupling, but Polycentropus sp. do in fact couple the wings for
the complete beat cycle, as evidenced by high speed cinematography (Chapter
2). All Polycentropodidae taxa examined possess both a well-defined forewing
jugal lobe (Figs. 3.85, 3.89) and a cluster of hindwing prehumeral bristles (Fig.
3.88). Cernotina spicata and Cyr. fraternus differ from Polycentropus sp. and
Nyctiophylax sp. primarily in the development of the putative coupling setae. In
Cer. spicata and Cyr. fraternus, elongated and anteriorly projecting setae arise
from the forewing ventral surface along ambient costa (Fig. 3.86). Partner setae
on the dorsal hindwing Costa are also elongated, directed apically and assume a
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slight sinusoidal curvature along their length (Fig. 3.87). The coupling mechanism
appears to rely on the two opposing beds of setae becoming entangled, since the
beds are oriented at roughly right angles to each other and project slightly from
the plane of the wing toward each other. Overall the mechanism is apparently the
approximate reverse of that found in Ecnomidae, with the structural properties of
the opposing setal beds transposed between the forewing and hindwing.
The coupling apparatus of Polycentropus sp. and Nyctiophylax sp. is
comparatively weakly developed, but still clearly sufficient to ensure coupling.
Setae along the ventral forewing ambient costa are similar in structure to the
typical wing vestiture and only weakly attached in the sockets. The hindwing
prehumeral cluster is a robust, evenly spaced, and approximately double row of
~25 stout but short post humeral costal setae that project away from Costa; the
row is comparatively short and extends for less than ~15% the length of the
costal margin. As with Cer. spicata and Cyr. fraternus, the primary mechanism
for ensuring coupling appears to be entanglement. However, since the forewing
socketed setae are apparently weakly developed, possibly the short row of
hindwing costal setae become entangled in the relatively dense bed of
microacanthae that populate the ventral forewing anal cell. The acanthae are
acuminate and there is a gradual change in their obliquity from the basal region
adjacent to the jugal lobe to more distally, where they transition in morphology to
typical covering acanthae. Cyrnellus fraternus and Cer. spicata and
Polycentropus sp. further differ in the topology of the forewing anal veins relative
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to the posterior wing margin; in both Cyr. fraternus and Cer. spicata the anal
veins are approximate to ambient costa and may serve to strengthen the margin,
but in Polycentropus sp the anal cell width is considerably larger.
In their revision of Chinese Ecnomus spp., Li & Morse (1997) presented a
genus-level phylogeny of Ecnomidae, in which Polycentropodidae and
Hydropsychidae were outgroups. From the Li & Morse (1997) morphology-based
phylogeny, the Kjer et al. (2002) molecular phylogeny, and the Geraci et al.
(2005) molecular phylogeny, it can be inferred that wing-coupling in Ecnomidae,
Polycentropodidae and Hydropsychidae probably evolved independently. While
higher-level relationships remain incompletely resolved, the following clades are
strongly supported: Polycentropodidae + Ecnomidae (Bayesian posterior
probability = 0.96) and Psychomyiidae + Dipseudopsidae (Bayesian posterior
probability = 0.99); these clades constitute a clade (posterior probability = 1.00)
that forms an unresolved polytomy with Hydropsychidae and Philopotamidae
(Geraci et al. 2005). Polycentropodidae, Ecnomidae, Psychomyiidae and
Dipseudopsidae collectively display a diversity of wing characters, including
weakly to strongly modified forewing jugal lobes, modified setae on the forewing
ambient costal vein, varying diminution of the hindwing prehumeral setae, costal
setae of variable morphology, development of acanthae in the ventral forewing
anal cell and anal vein topology. In particular, the morphologies of the forewing
jugal lobe and ambient costa setae of Psychomyiidae: Paduniella nearctica are
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remarkably similar to those of Ecnomus spp., and the jugal lobe morphology of
Polycentropus sp. is comparable to that of Dipseudopsidae: Phylocentropus sp.

Taxonomic and phylogenetic implications of wing coupling and related structures
in Hydropsychidae
Taxonomically informative characters were documented previously by
Barnard (1980, 1984) for representative Macronematinae taxa; however their
phylogenetic value could not be assessed due to the limited scope of the works.
The works of Schefter (1996) and Geraci et al. (2005) independently and robustly
endorse the claim made here that wing coupling of two morphologically different
types are synapomorphies of Macronematinae and Hydropsychinae. However,
data presented here suggest that the taxonomic value of many other wing-related
characters has not been fully realized. Hamular morphology in Hydropsychinae is
variable at the genus level, but may be phylogenetically informative for the
genera Cheumatopsyche spp. and Potamyia spp. Geraci et al.’s (2005) Bayesian
analysis revealed that not only are the genera Cheumatopsyche and Potamyia
adelphotaxa (posterior probability = 0.91), but that each is monophyletic
(posterior probability = 1.00) and comparatively deep-noded. Such molecular
evidence of deep divergence comports with the observation of the evolution of
unique morphology, such as seen with the hamuli.
Similarly, results presented here suggest that the micromorphology of
wing coupling structures in Macronematinae could be investigated more broadly
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for phylogenetically informative characters. In particular, if molecular evidence
has correctly rooted the genus Aethaloptera within a clade containing
Amphipsyche and Macrostemum, then Polymorphanisini Lestage, revised by
Barnard (1980), is rendered polyphyletic. The morphology and distribution of a
secondary row of setae on the hindwing could be synapomorphies for a clade
containing Synoestropsis sp., O. vitrina, and Polymorphanisus sp. A secondary
row is absent in Aethaloptera dispar Brauer, and the morphology of the distal
hamular setae, figured by Barnard (1980), is similar to that of Amphipsyche
bifasciata Navas, with denticulations on the distal hamuli restricted entirely to the
inner curvature.
An interpretation of wing characters in Smicrideinae is unclear. The
monophyly of the subfamily is well supported in molecular analyses (Bayesian
posterior probability = 0.95), but the taxa display a blend of wing characters. The
hindwing costal setae of A. edwardsi and Smicrophylax sp. bear similarities to
those of Austropsyche sp., but simply could be symplesiomorphic with those of
Diplectrona spp., Arctopsychinae, or outgroup taxa, similar to the
symplesiomorphic retention of a forewing jugal lobe.
Wing coupling is fundamentally biomechanically different in
Macronematinae and Hydropsychinae, but this does not preclude the possibility
that current autapomorphic functionality is derived from a shared historical
functionality. Molecular evidence examined thus far discounts an adelphotaxon
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relationship, and therefore suggests the independent evolution of functional wing
coupling and loss of a forewing jugal lobe.
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Figure 3.1. Phylogeny of Trichoptera families and suborders Annulipalpia (A),
“Spicipalpia” (B), and Hydropsychoidea (C)
Figure 3.2. Right fore- and hindwings of Parapsyche apicalis (Banks)
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structures. Scale bar = 1 mm.
Figure 3.3. Close-up of the basal left forewing of Dolophilodes distincta (Walker)
(Philopotamidae), ventral view. Scale bar = 0.1 mm.
Figure 3.4. Right fore- and hindwings of Annulipalpia arranged phylogenetically
after Geraci. (2007), dorsal views. Numbers indicate posterior probability. A—
Hydropsyche betteni Ross (Hydropsychidae: Hydropsychinae); B— Asmicridea
edwardsi (McLachlan) (Hydropsychidae: Smicrideinae); C—Diplectrona modesta
Banks (Hydropsychidae: “Diplectroninae”); D—Parapsyche apicalis (Banks)
(Hydropsychidae: Arctopsychinae); E—Macrostemum sp. (Hydropsychidae:
Macronematinae); F—Fumonta major (Banks) (Philopotamidae); G—
Phylocentropus placidus (Banks) (Dipseudopsidae). Scale bars = 1 mm.
Figure 3.5. Basal left forewings of Annulipalpia arranged phylogenetically after
Geraci (2007), ventral views. A—Philopotamidae; B—Dipseudopsidae; C—
Hydropsychidae: Arctopsychinae; D—Hydropsychidae: Macronematinae; E—
Hydropsychidae: Diplectroninae; F—Hydropsychidae: Diplectroninae:
Homoplectrini; G—Smicridea dithyra Flint (Hydropsychidae: Smicrideinae); H—
Asmicridea edwardsi (McLachlan) (Hydropsychidae: Smicrideinae); I—
Hydropsychidae: Hydropsychinae.
Figure 3.6. Right hindwing humeral angle and costal margin of Fumonta major
(Banks) (Philopotamidae), dorsal view. Scale bar = 100 µm.
Figure 3.7. Right hindwing prehumeral and costal setae of Fumonta major
(Banks) (Philopotamidae), dorsal view. Scale bar = 100 µm.
Figure 3.8. Right hindwing costal setae and sockets of Fumonta major (Banks)
(Philopotamidae), dorsal view. Scale bar = 10 µm.
Figure 3.9. Right hindwing prehumeral setae of Fumonta major (Banks)
(Philopotamidae), dorsal view. Scale bar = 50 µm.
Figure 3.10. Details of morphology of hindwing prehumeral setae of Fumonta
major (Banks) (Philopotamidae). Scale bar = 10 µm.
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Figure 3.11. Right hindwing humeral angle and Costa of Diplectrona modesta
Banks (Hydropsychidae: Diplectroninae) showing arrangement of the frenular
and costal setae, dorsal view. Scale bar = 10 µm.
Figure 3.12 Details of morphology of the right hindwing prehumeral setae of
Diplectrona modesta Banks (Hydropsychidae: Diplectroninae), dorsal view. Scale
bar = 10 µm.
Figure 3.13 Left hindwing humeral angle and costal margin of Diplectrona
modesta Banks (Hydropsychidae: Diplectroninae), dorsal view. Scale bar = 15
µm. Scale bar = 0.1 mm.
Figure 3.14. Left hindwing humeral angle and costal margin of Parapsyche
apicalis (Banks) (Hydropsychidae: Arctopsychinae), dorsal view. Scale bar = 0.1
mm. Figure 3.15 Left forewing coupling apparatus of Potamyia flava (Hagen)
(Hydropsychidae: Hydropsychinae), ventral view. Scale bar = 50 µm.
Figure 3.16 Left forewing coupling apparatus of Potamyia flava (Hagen)
(Hydropsychidae: Hydropsychinae), ventral view. Scale bar = 10 µm.
Figure 3.17 Left forewing coupling apparatus of Hydropsyche sparna Ross
(Hydropsychidae: Hydropsychinae), ventral view. Scale bar = 100 µm.
Figure 3.18 Left forewing coupling apparatus of Hydropsyche sparna Ross
(Hydropsychidae: Hydropsychinae), ventral view. Scale bar = 10 µm.
Figure 3.19 Left forewing coupling apparatus of Cheumatopsyche enigma Ross,
Morse & Gordon (Hydropsychidae: Hydropsychinae), ventral view. Scale bar =
10 µm.
Figure 3.20 Left forewing coupling apparatus of Hydropsyche orris Ross
(Hydropsychidae: Hydropsychinae), ventral view. Scale bar = 10 µm.
Figure 3.21. Right hindwing hamuli and acanthae of Cheumatopsyche enigma
Ross, Morse & Gordon (Hydropsychidae: Hydropsychinae), dorsal view. Scale
bar = 10 µm.
Figure 3.22. Right hindwing hamuli and acanthae of Hydropsyche sparna Ross
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 10 µm.
Figure 3.23. Details of morphology of a hindwing hamulus of Potamyia flava
(Hagen) (Hydropsychidae: Hydropsychinae). Scale bar = 5 µm.
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Figure 3.24 Details of morphology of a hindwing hamulus of Cheumatopsyche n.
sp. (Hydropsychidae: Hydropsychinae). Scale bar = 5 µm.
Figure 3.25. Left hindwing costal margin of Cheumatopsyche sp.
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 10 µm.
Figure 3.26. Left hindwing costal margin of Cheumatopsyche sp.
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 10 µm.
Figure 3.27. Left hindwing costal margin of Cheumatopsyche sp.
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 10 µm.
Figure 3.28. Left hindwing costal margin of Hydropsyche orris Ross
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 10 µm.
Figure 3.29. Left hindwing costal margin of Cheumatopsyche sp.
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 50 µm.
Figure 3.30. Left hindwing costal margin of Hydropsyche sparna Ross
(Hydropsychidae: Hydropsychinae), dorsal view. Scale bar = 10 µm.
Figure 3.31. Coupling mechanics of Hydropsyche betteni Ross (Hydropsychidae:
Hydropsychinae) in vitro. A—Detail of left forewing-hind wing overlap, dorsal
view; B—Geometry of left forewing coupling component, dorsal view; C—
engaged right forewing-hind wing coupling, dorsal view. Scale bars: A= 0.1 mm;
B & C= 0.25 mm.
Figure 3.32. Phylogeny of genera of Hydropsychidae: Macronematinae, modified
from Geraci (2007). Numbers indicate posterior probabilities.
Figure 3.33. Left forewing file and groove coupling component of Macrostemum
sp. (Hydropsychidae: Macronematinae), ventral view. A—Dark-field micrograph
showing location relative to A1. A—location on the wing. B—Close-up of boxedarea of C. C—Location of file-and-groove on the forewing. Scale bar = 1 mm.
Figure 3.34. Left forewing basal acanthae of file-and groove of Aethaloptera
dispar Brauer (Hydropsychidae: Macronematinae), ventral view. Scale bar = 50
µm.

Figure 3.35. Left forewing basal acanthae of file-and groove of Aethaloptera
dispar Brauer (Hydropsychidae: Macronematinae), ventral view. Scale bar = 10
µm.
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Figure 3.36. Left forewing mid-length acanthae of file-and groove of Aethaloptera
dispar Brauer (Hydropsychidae: Macronematinae), ventral view. Scale bar = 5
µm.
Figure 3.37. Left forewing distal acanthae of file-and groove of Aethaloptera
dispar Brauer (Hydropsychidae: Macronematinae), ventral view. Scale bar = 10
µm.
Figure 3.38. Left forewing acanthae of file-and groove of Blepharopus sp.
(Hydropsychidae: Macronematinae), ventral view. Scale bar = 10 µm.
Figure 3.39. Left forewing acanthae of file-and groove of Blepharopus sp.
(Hydropsychidae: Macronematinae), ventral view. Scale bar = 10 µm.
Figure 3.40. Left forewing acanthae of file-and groove of Baliomorpha
pulchripennis (Tillyard) (Hydropsychidae: Macronematinae), ventral view. Scale
bar = 10 µm.
Figure 3.41. Left forewing basal region acanthae of file-and groove of
Baliomorpha pulchripennis (Tillyard)(Hydropsychidae: Macronematinae), ventral
view. Scale bar = 10 µm.
Figure 3.42. Left forewing acanthae of file-and groove of Pseudoleptonema
supalak Malicky & Chantaramongkol (Hydropsychidae: Macronematinae), ventral
view. Scale bar = 50 µm.
Figure 3.43. Left forewing acanthae of file-and groove of Pseudoleptonema
supalak Malicky & Chantaramongkol (Hydropsychidae: Macronematinae), ventral
view. Scale bar = 10 µm.
Figure 3.44. Left forewing distal acanthae of file-and groove of Pseudoleptonema
supalak Malicky & Chantaramongkol (Hydropsychidae: Macronematinae), ventral
view. Scale bar = 50 µm.
Figure 3.45. Left forewing distal acanthae of file-and groove of Pseudoleptonema
supalak Malicky & Chantaramongkol (Hydropsychidae: Macronematinae), ventral
view. Scale bar = 10 µm.
Figure 3.46. Right hindwing basal costal setae of Leptonema sparsum (Ulmer)
(Hydropsychidae: Macronematinae), dorsal view. Scale bar = 10 µm.
Figure 3.47. Right hindwing distal costal setae of Leptonema sparsum (Ulmer)
(Hydropsychidae: Macronematinae), dorsal view. Scale bar = 5 µm.
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Figure 3.48. Right hindwing basal costal setae of Baliomorpha pulchripennis
(Tillyard) (Hydropsychidae: Macronematinae), dorsal view. Scale bar = 5 µm.
Figure 3.49. Right hindwing basal costal setae of Baliomorpha pulchripennis
(Tillyard) (Hydropsychidae: Macronematinae), dorsal view. Scale bar = 10 µm.
Figure 3.50. Right hindwing distal costal setae of Baliomorpha pulchripennis
(Tillyard) (Hydropsychidae: Macronematinae), dorsal view. Scale bar = 10 µm.
Figure 3.51. Right hindwing costal setae of Amphipsyche sp.(Hydropsychidae:
Macronematinae), dorsal view. Scale bar = 50 µm.
Figure 3.52. Right hindwing costal setae of Amphipsyche sp. (Hydropsychidae:
Macronematinae), dorsal view. Scale bar = 10 µm.
Figure. 3.53. Right hindwing costal setae of Amphipsyche sp. (Hydropsychidae:
Macronematinae), dorsal view. Scale bar = 10 µm.
Figure 3.54. Right hindwing costal setae of Blepharopus sp. (Hydropsychidae:
Macronematinae), dorsal view. Scale bar = 10 µm.
Figure 3.55. Right hindwing mid-length costal setae of Blepharopus sp.
(Hydropsychidae: Macronematinae), dorsal view. Scale bar = 5 µm.
Figure 3.56. Right hindwing distal costal setae of Macrostemum sp.
(Hydropsychidae: Macronematinae), dorsal view. Scale bar = 10 µm.
Figure 3.57. Right hindwing distal costal setae of Macrostemum sp.
(Hydropsychidae: Macronematinae), dorsal view. Scale bar = 5 µm.
Figure 3.58. Left forewing of Oestropsyche vitrina (Hagen) (Hydropsychidae:
Macronematinae), ventral view, revealing file-and-groove coupling mechanics.
A—Ventral surface of forewing. B—Composite electron micrograph of entire
forewing file-and-grove structure. C—basal file acanthae; D—mid-length file
acanthae; E—distal file acanthae; F—Light micrograph of file-and-groove,
showing relationship of file to A1 and setose ambient costal (ac) margin. Scale
bars: A = 1mm C, D = 10 µm; E, F = 100 µm.
Figure 3.59. Right hindwing of Oestropsyche vitrina (Hagen) (Hydropsychidae:
Macronematinae), dorsal view, revealing hindwing Costa coupling mechanics.
A—dorsal surface of hind wing; B—details of distal setae involved in coupling
(costal row “radius-stem” row, and intervening subcostal spatulate row); C—
detailed morphology of “clubbed” costal coupling-setae; D— “hooked tip”
coupling setae on “radius-stem”. Scale bars: A = 1 mm; B = 100 µm; C, D = 10
µm.
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Figure 3.60. Schematic of the putative biomechanical interactions of wingcoupling of Orthopsyche fimbriata (McLachlan) (Hydropsychidae:
Hydropsychinae).
Figure 3.61. Schematic of the putative biomechanical interactions of wingcoupling. Oestropsyche vitrina (Hagen) “Polymorphanisini-form”
(Hydropsychidae: Macronematinae: Polymorphanisini), with second couplingrow.
Figure 3.62. Dark-field light micrograph of right hindwing distal costal region of
Oestropsyche vitrina (Hagen) (Hydropsychidae: Macronematinae:
Polymorphanisini), dorsal view. The black bar to the left indicates a pseudovein
that is difficult to see under normal lighting. Scale bar = 100µm.
Figure 3.63. Dark-field light micrograph of right hindwing distal costal region of
Polymorphanisus sp. (Hydropsychidae: Macronematinae: Polymorphanisini),
dorsal view. The black bar to the left indicates a pseudovein that is difficult to see
under normal lighting. Scale bar = 100µm.
Figure 3.64. Light micrograph of the left forewing of Smicridea dithyra Flint
(Hydropsychidae: Smicrideinae), emphasizing anal cell and anal angle, ventral
view. Note that ambient costa (ac) is reflexed, a position assumed in vivo.
Figure 3.65. Micrograph of left forewing anal cell of Smicridea dithyra Flint
(Hydropsychidae: Smicrideinae), dorsal view. Note dorsal major acanthae (dma)
adjacent to ambient costa (ac) in a well defined field, directed obliquely in a basal
to distal direction. Scale bar = 100 µm.
Figure 3.66. Close-up of left forewing major acanthae (dma) field, bordered by
socketed setae arising from ambient costa (ac), of Smicridea dithyra Flint
(Hydropsychidae: Smicrideinae), dorsal view. Scale bar = 10 µm.
Figure 3.67. Left forewing anal cell in the basal field of Smicridea dithyra Flint
(Hydropsychidae: Smicrideinae), ventral view; box emphasizing minor acanthae
(ma), surrounded by ventral major acanthae (vma) and ambient costa (ac). Scale
bar = 100 µm.
Figure 3.68. Close-up of left forewing microacanthae (ma) of Smicridea dithyra
Flint (Hydropsychidae: Smicrideinae), ventral view. Scale bar = 10 µm.
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Figure 3.69. Left forewing of Smicridea dithyra Flint (Hydropsychidae:
Smicrideinae), ventral view. Scale bar = 1 mm. Figure 3.70. Light micrograph of
the right hindwing costal margin of Smicridea dithyra Flint (Hydropsychidae:
Smicrideinae), dorsal view. A—marginal costal setae, B—type 2 costal setae,
C—type 1 costal setae. Scale bar = 1 mm.
Figure 3.71. Scanning electron micrograph of left hindwing basal costal margin of
Smicridea dithyra Flint (Hydropsychidae: Smicrideinae), dorsal view. A—marginal
costal setae, B—type 2 setae, C—type 1 setae. Scale bar = 50 µm.
Figure 3.72. Type 1 and type 2 setae of left hindwing of Smicridea dithyra Flint
(Hydropsychidae: Smicrideinae), dorsal view. B—crochet-tip of type 2 seta. Scale
bar = 10 um.
Figure 3.73. Scanning electron micrograph of type 2 setae of left hindwing of
Smicridea dithyra Flint (Hydropsychidae: Smicrideinae), dorsal view. Scale bar =
50 µm.
Figure 3.74. Scanning electron micrograph details of type 2 setae of left hindwing
of Smicridea dithyra Flint (Hydropsychidae: Smicrideinae), dorsal view. Scale bar
= 50 µm.
Figure 3.75. Light micrograph of putative coupling groove for hindwing on left
forewing of Smicridea dithyra Flint (Hydropsychidae: Smicrideinae), with arrows
indicating longitudinal margin of groove, ventral view. A—membrane margin of
groove, B—Subcosta with embedded nerve, C—Radius with embedded nerve,
D—sclerotized bar. Scale bar = 50 µm.
Figure 3.76. . SEM of groove of Smicridea dithyra Flint (Hydropsychidae:
Smicrideinae), same as Figure 3.75. Scale bar = 50 µm.
Figure 3.77. Light micrograph of dorsum of bases of wings in repose of
Smicridea dithyra Flint (Hydropsychidae: Smicrideinae). A—reflexed ambient
costa (ac), B—point of contact between ac of left and right wings, C—Anal vein
group, D—left wing A1 , E—right wing A1, F & G—schematics of ‘bristle-tobristle’ interactions with relative positions of acanthae and veins, indicating that
the system will engage with either wing in the dorsal position. Box indicates the
area where the minor acanthae and dorsal major acanthae are located. Figure
3.78. Light micrograph of left forewing of Ecnomus spatulatus Li & Morse
(Ecnomidae), indicating jugal lobe and forewing coupling setae arising from
ambient costa (ac), ventral view. Scale bar = 0.5 mm. Inset, . SEM of same.
Scale bar = 10 µm.
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Figure 3.79. Light micrograph of left hindwing humeral angle and Costa of
Ecnomus spatulatus Li & Morse (Ecnomidae), showing prehumeral setae and
hind wing costal setae (hwcs), dorsal view. Scale bar = 100 µm.
Figure 3.80. Scanning electron micrograph of left hindwing coupling setae of
Ecnomus spatulatus Li & Morse (Ecnomidae). Scale bar = 10 µm.
Figure 3.81. Scanning electron micrograph of left hindwing coupling setae of
Ecnomus spatulatus Li & Morse (Ecnomidae), dorsal view. Scale bar = 10 µm.
Figure 3.82. Scanning electron micrograph of left forewing jugal lobe of
Paduniella nearctica Flint (Psychomyiidae), ventral view. Scale bar = 10 µm.
Figure 3.83. Light micrograph of left forewing jugal lobe of Paduniella nearctica
Flint (Psychomyiidae), ventral view. Scale bar = 100 µm.
Figure 3.84. Light micrograph of left forewing jugal lobe of Lype diversa (Banks)
(Psychomyiidae), ventral view. Scale bar = 100 µm.
Figure 3.85. Left fore- and hindwings of Cyrnellus fraternus (Banks)
(Polycentropodidae), ventral view. Scale bar = 1 mm.
Figure 3.86. Left forewing ambient costa of Cernotina spicata Ross
(Polycentropodidae), showing hamular setae (fwhs), ventral view. Scale bar =
100 um.
Figure 3.87. Light micrograph of right hindwing Costa of Cernotina spicata Ross
(Polycentropodidae), showing hindwing costal setae (hwcs), dorsal view. Scale
bar = 100 um.
Figure 3.88. Light micrograph of right hindwing humeral angle and Costa of
Polycentropus sp. (Polycentropodidae), showing prehumeral bristles and
hindwing costal setae (hwcs), dorsal view. Scale bar = 100 um.
Figure 3.89. Left fore- and hindwings of Nyctiophylax cf. denningi Morse
(Polycentropodidae), ventral view. Scale bar = 1 mm.
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CHAPTER FOUR

COMPARATIVE MORPHOLOGY OF WING COUPLING STRUCTURES:
INTEGRIPALPIA
Introduction
This chapter addresses the suborder Integripalpia, a strongly supported
monophylum that is consistently recovered in combined molecular and
morphological phylogenetic analyses (Kjer 2001, Holzenthal et al. 2006).
Integripalpia currently comprises 4727 species (Morse 2009), but as with
Annulipalpia, the true richness is probably much higher. Phylogenetic analyses
recover the two infraorders Brevitentoria and Plenitentoria with high bootstrap
values, but further resolution is more problematic. However, current practice,
which is adopted here, is to recognize several superfamily-level taxa.
Integripalpian families follow Holzenthal et al. (2006, 2007), reproduced here as
Fig. 4.1.

Materials and methods
For light microscopy, wings were prepared by dissection from the body and
dehydrated in 100% ethanol. After dehydration, the wings were briefly soaked in
clove oil and mounted in Canada balsam. Wings were removed with the axillary
apparatus attached. If the wing was to be photographed, the wing vestiture was
removed by gently brushing with fine camel hair brushes, taking care not to
interfere with putative wing coupling structures. Forewings were typically
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mounted with the dorsal surface facing ventrally and hindwings with the dorsal
surface facing dorsally. Mounting the forewing so that the jugal lobe remained in
the extended position (i.e., not reflexed under the wing) required an additional
step, adapted from the technique for mounting Thysanoptera. After placing a
drop of Canada Balsam on the slide, a cover slip was lowered onto the drop until
a thin layer spread onto the cover slip. The cover slip was then removed,
inverted, and the forewing placed on the cover slip with the dorsal surface facing
dorsally. The wing was manipulated into the correct position with minuten pins
such that the jugal lobe was extended. With the cover slip in the correct position
the slide was gently lowered onto the cover slip. Digital light images were
acquired from either a compound or stereo microscope equipped with a
ProgRes® C5 digital camera.
For scanning electron microscopy, dissected wings were dehydrated in
ethanol, air dried, and mounted on stubs with double sided conductive tape.
Some wings were degreased in xylene prior to dehydration in ethanol.
Specimens were sputter coated with gold in a Denton Vacuum Desk II for ~80
seconds, and imaged in a Jeol 5300 ESEM. Screen images were photographed
with a digital camera mounted to the SEM camera attachment. Digitally acquired
images were manipulated in Adobe Photoshop® for plate assembly. Terminology
for wing morphology is based on the works of Schmid (1998), Schefter (1996),
and Barnard (1980), except where explained. A list of terms and their
abbreviations is given in Table 1. A list of taxa examined and collection data is
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given in Appendix 1. Voucher specimens and slide mounted wings are in the
Clemson University Arthropod Collection, Clemson University. The majority of
specimens examined were from the Clemson University Arthropod Collection,
with additional specimens borrowed from Dr. Oliver Flint (Smithsonian
Institution), Dr. Ralph Holzenthal (University of Minnesota) and Dr. Karl Kjer
(Rutgers University).

Results
Integripalpia: Brevitentoria
Convention recognizes two superfamily-groups, a monophyletic
Sericostomatoidea (twelve families) and a paraphyletic ‘Leptoceroidea’ (eight
families; Holzenthal et al. 2006). Structures either demonstrated or hypothesized
to be associated with wing coupling have evolved repeatedly in both
‘Leptoceroidea’ and Sericostomatoidea, and while the wings of taxa in the
suborder display a wide variety of morphologies, there is also sufficient
morphological consistency to indicate that some characters can be treated as
synapomorphies.

‘Leptoceroidea’
The paraphyletic assemblage ‘Leptoceroidea’ comprises 2215 species in
7 (or 8, pending the position of Tasimiidae) families, but the cosmopolitan family
Leptoceridae (1832 species) is by far the most speciose (Holzenthal et al. 2007,
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Morse 2009). The families Calamoceratidae (159 species), Odontoceridae (125
species), and Philorheithridae (29 species) are moderately to strongly-supported
monophyla in combined analyses (Kjer et al. 2002, Holzenthal et al. 2006, Morse
2009), and a recent analysis recovered Molannidae (37 species) +
Calamoceratidae as a monophyletic higher taxon (Holzenthal et al. 2006, Morse
2009).

Philorheithridae
The wing coupling apparatus (WCA) of this small family is complex and
elements of the system fall imperfectly into two functional categories: forewinghindwing coupling and forewing-forewing coupling. The family is in part
diagnosed by ‘A small, rounded, strongly chitinized extension downwards of the
A margin of the anterior wings near the base …” (Mosely 1936). This remarkable
structure is described in detail below (Figs. 4.9-4.13), but its functional role will be
discussed in a later section treating other forewing-forewing interaction systems;
Weaver et al. (2008) treated this structure as a family level synapomorphy.
The forewing coupling component is essentially similar to that of
Odontoceridae (e.g., Marilia spp., Psilotreta spp.) in that the forewing hamuli
arise as a linear series of curved setae that are in the same plane as the wing
membrane. They arise from what is probably a vein, but since no nerve could be
discerned, it remains unclear whether the structure is one of the anal (A) group
veins; I provisionally name it A3. The setae basally are in a multiserial row but
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distally become restricted to an evenly spaced and overlapping single row that is
approximate to ambient costa; a narrow space without setae is discernible
between A3 and ambient costa (Figs. 4.3-4.4).
The hindwing coupling setae arise from Costa and project approximately
at right angles to the plane of the wing; the setae are evenly curved, adorned
with serrated longitudinal flutes, and gradually decrease in length basally to
distally (Figs. 4.5-4.8). Presumably the coupling mechanism relies on the
hindwing setae curving over and behind the forewing setae.
The forewing lobe adjacent to the costal angle is presumably a
homologue, albeit greatly enlarged, of a structure found in a similar position in
other leptoceroid taxa, such as Leptoceridae, Calamoceratidae and
Odontoceridae. The lobe in Kosrheithrus tillyardi Moseley is roughly circular in
outline (Figs. 4.9-4.11) and in Austrheithrus dubitans Moseley is more triangular
(Figs. 4.2, 4.4). The margin is continuous with ambient costa but an additional
structure of unknown affinity also attaches to the lobe basally (pseudovein, pv;
Fig. 4.9). The lobe is meniscus-shaped (ventrally concave, dorsally convex) with
each face presenting a field of acanthae (Figs. 4.10-4.11). The ventral face is
adorned with microacanthae that are distinctly curved and oriented locally in a
uniform manner, but globally over the ventral surface they gradually change their
orientation; dorsally the acanthae are simply acuminate (Fig. 4.10). There may
be some role for this structure in forewing-hindwing coupling but probably the
primary role is forewing-forewing coupling while the wings are at rest, similar to
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that of the acanthae fields described for Smicridea sp. (Chapter 3). When the
wings are in the tectiform position, the lobes overlap such that the two surfaces,
each presenting a field of microacanthae, are in contact. In vitro and in such
position the wings are resistant to separation by a gentle pulling. As with
Smicridea sp. the apparatus works effectively even if their orientation is changed
such that the previously dorsal lobe becomes ventral, suggesting that this system
is similarly ambidextrous.

Odontoceridae
The WCA of Odontoceridae is biomechanically similar to that of
Philorheithridae, but in vitro manipulations suggest that it is substantially more
efficient at effecting the coupling. The position of the Anal vein relative to ambient
costa varies among taxa, being very close to the latter in Marilia spp. (Fig. 4.14)
and positioned more anteriorly in Psilotreta spp. (Fig. 4.230). The forewing
coupling setae in Marilia spp. originate near the anal angle and progress distally
into a single row of setae that is evenly spaced, and with each successive seta
acquiring more of a sinusoidal shape; the emergent shape defines a ledge that
engages the hindwing costal setae (Figs. 4.25-4.26). The row in Psilotreta spp. is
less even and apparently borne on the Anal vein (Fig. 4.24); although one row is
structurally dominant, other setae are distributed on the vein. The forewing
ventral anal angle is less developed in Marilia sp. than that of Philorheithridae but
has the same basic structure and is adorned, at least ventrally, with
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microacanthae that are similar in shape to those of Kosrheithrus tillyardi Mosely
(Figs. 4.15-4.16). The hindwing hamular setae of Marilia sp. are considerably
more robust than those of K. tillyardi and are more regularly shaped and spaced.
As with the forewing setae, the hindwing hamular setae arise from a ledge-like
structure that projects slightly from the plane of the wing membrane (Figs. 4.174.21). A second row of apically oriented and evenly distributed setae arise from
the hindwing Subcosta in the region opposite the costal row, and may also be
involved in coupling (Fig. 4.20). The biomechanical basis appears to be that of
two interlocking “J-grooves,” one on the forewing and the other on the hindwing.

Calamoceratidae
The WCA of Calamoceratidae is biomechanically unique in Trichoptera
and appears to be a synapomorphy for the family. The forewing coupling setae
occur in two patches, one arising from or near ambient costa, and a partner
patch arising from or posterior to Cubitus2 (Figs. 4.29, 4.31, 4.39). The anal
angle is adorned with modified microacanthae that are elongate-acuminate in
shape and that project obliquely toward the anterodistal margin of the wing (Figs.
4.27-4.28). The morphology of the socketed setae that populate the two
opposing forewing patches is variable among taxa. In Anisocentropus pyraloides
(Walker) the setae arise from ambient costa and are relatively short and stout
with the distal third markedly serrate-acuminate (Figs. 4.31-4.33), while in
Heteroplectron americanum (Walker) the setae emerge from within the anal cell
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and are elongate-acuminate (Fig. 4.29); in both taxa, they project in a
predominantly distal direction. The opposing patch in the forewing in both A.
pyraloides and H. americanum arises immediately anterior to the Anal1+2+3
vein, and in both taxa they are elongate-acuminate and project obliquely in a
posterodistal direction.
The hindwing partner component is comprised of two morphologically
distinct types of setae, one of which arises basally on and near the humeral
angle (Figs. 4.34-4.35), and one of which arises from Subcosta in the region
anatomically opposite the distal forewing component (Figs. 4.35-4.37). The setae
in the perihumeral area are elongate tapering structures that are distinctively
adorned with triangular denticles and bear an overall resemblance to those found
in Hydropsychidae: Macronematinae (cf. Figs. 3.46-3.50). No functional role was
suggested by in vitro manipulation, but their position and sculpture suggest that
they may have a role in meshing with the bed of acanthae on the anal angle. The
setae on Subcosta appear to be the primary structures that ensure wing
coupling. A biomechanical model of this system is not obvious, but the interaction
may rely on the hindwing hamuli either gliding above, or becoming entangled
within, the forewing ambient costal setae. The motion of the wings during the
upward and anterior trajectory would suggest that the forewing setae ‘drag’ the
hindwing hamuli along when they come into contact; similarly, the forewing setae
between Cubitus2 and Anal1+2+3 may ‘push’ against the hindwing costal margin
during the down stroke. Alternatively, the two patches of forewing setae ‘trap’ the
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hindwing Costal and Subcostal hamuli during the wing stroke such that the
hamuli become more or less randomly entangled between the two patches.
A somewhat modified system occurs in Georgium japonicum (Ulmer). The
forewing anal patch of setae is restricted to the apical half of the anal cell; the
setae arise entirely in the anal cell membrane, and are comparatively shorter
than those of H. americanum (Figs. 4.38-4.40). The basal region of the anal cell
contains an enlarged patch of microacanthae, which is limited anteriorly by a
longitudinal sclerotized region immediately posterior to Anal1+2+3, and ends
abruptly where the patch of acanthae begins. The hindwing possesses several
types of setae and inferring a biomechanical model is more complicated (Figs.
4.41-4.42). The setae morphologically most similar (homologous?) to those of A.
pyraloides and H. americanum arise not from Subcosta but from Radius, again in
a position anatomically opposite the forewing patches of setae. Arising from the
basal region to approximately half the length of Subcosta is a ‘tuft’ of greatly
elongated and comparatively slender setae (Figs. 4.41-4.42); possibly this row
becomes entangled in the forewing anal cell acanthae during coupling.

Leptoceridae
The morphology of the WCA in Leptoceridae is strikingly consistent and is
a putative synapomorphy for the family. Examination of a long series of taxa from
the two subfamilies Triplectidinae and Leptocerinae revealed no significant
taxonomically concordant pattern in either the morphology of the individual
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components or their distribution. The general structure of the apparatus is
strikingly analogous to that of the hamular system of Hymenoptera, a similarity
noted by Tillyard (1918) and sufficient for him to suggest the term
‘‘multihammulate.” In a survey of the wing scales and setae of the leptocerid
Pseudoleptocerus chirindensis Kimmins, Huxley and Barnard (1988) identified
and described the four putative coupling components.
As with Calamoceratidae and Odontoceridae, there is a well defined patch
of microacanthae (microtrichia of Huxley and Barnard, 1988) confined to the
posterior region of the anal angle, which continues along ambient costa until it
terminates at the insertion of Cubitus2 (Figs. 4.43-4.47), and which results in a
much more robust structure that projects slightly from the plane of the wing. The
microacanthae in the anal angle are long and acuminate, but become
comparatively shorter and slightly sinusoidal distally along ambient costa (Fig.
4.47); Anal1+2+3 is closely approximate to ambient costa for its entire length,
which may contribute to the rigidity of the hind margin of the wing.
The hindwing coupling apparatus consists of the coupling setae (hamular
scales of Huxley and Barnard 1988) located on Costa, and two other
morphologically distinct setal types that are putatively part of the coupling
apparatus. The hamuli (hindwing coupling setae, hwcs) are restricted to a
morphologically well defined region on Costa that is somewhat variable in extent
among taxa (Figs. 4.48-4.51). The setae are evenly spaced, arise from distinct
mammae-like sockets, and are circular in cross-section basally, but become
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progressively more compressed in cross section prior to narrowing at the tip.
Each seta projects away from Costa and assumes a distally directed sinusoidal
shape. In the region of the hamuli, Subcosta is closely approximate to Costa and
slightly dorsally impressed. The row of hamuli along Costa assumes a ledge-like
form that projects dorsally from Costa, and opposing this ledge is a second row
of setae that arise from Subcosta. Termed peg-like setae (ps) by Huxley and
Barnard (1988), these project away from the membrane and are oriented distally;
between this row of setae and the hamuli the wing membrane is glabrous (Figs.
4.48, 4.50). Huxley and Barnard (1988) speculated that the peg-like setae were
involved in the coupling apparatus, perhaps as proprioceptive setae.
Arising from the basal section of Costa is a distinct class of setae that
varies among taxa in its linear extent along Costa. These long, slender and
tapering setae were termed denticulate hairs by Huxley and Barnard (1988), who
inferred a wing coupling function for these setae. The denticulate hairs (dh) are
remarkable for the shape of their dense denticles, where the length of a single
denticle may exceed the diameter of the shaft (Figs. 4.52-4.55). I agree with
Huxley and Barnard (1988) that these become embedded in the microacanthae
in the anatomically opposite forewing anal angle region. While this may not
contribute to the mechanical strength of the coupling system, it may serve to
close the gap that is created in the axillary region when the wings are coupled;
such a gap may have negative aerodynamic properties if it causes airflow to
become disrupted. I further agree that the biomechanical model suggested by the
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morphology is that the “…comb of hooked scales…clips on to the undercurled
posterior edge of the forewing, possibly aided by the proprioceptive action of the
row of peg-like setae that are immediately posterior to the tips of these scales”
(Huxley & Barnard 1988).

Molannidae
Molannidae currently contains two valid genera, Molannodes McLachlan
and Molanna Curtis, both of which have a WCA. The apparatus of Molanna
Curtis was investigated and that of Molannodes (as Indomolannodes) figured and
briefly described by Wiggins (1968) as “…typical for the family.” If the
morphology of the WCA components in Molannodes is indeed consistent with
that of Molanna, it may be a family-level synapomorphy. Biomechanically the
apparatus is closely analogous to the hamular system of Hymenoptera, relying
on recurved setae on the hindwing Costa and a reinforced trough-like structure
on the forewing. The system is also remarkably similar in morphological details to
that of Helicopsychidae, which is discussed below. In Molanna ulmerina (Navas),
the forewing venation is highly modified and difficult to interpret, leading to
equivocation regarding some vein homologies, especially Cubitus2 and the Anal
veins. Evident in mounted wings and in SEM images is that the forewing coupling
groove is structurally complex and involves three anatomical components:
ambient costa, which is displaced ventrally from the plane of the wing, a
pseudovein (cuticular neoformation) immediately adjacent to ambient costa, and
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Anal1+2+3, which is separated from the previous two structures by a narrow
space such that there is effectively no anal cell (Figs. 4.47, 4.59). The surface of
the pseudovein is markedly adorned with distally projecting microacanthae that
serve to grip the hindwing hamuli (Figs. 4.58-4.60). The anal angle is also
adorned with acuminate microacanthae which continue onto both ambient costa
and the pseudovein (Fig. 4.56).
The hindwing hamuli are modified seta that assume a profile similar to
those of Leptoceridae and Helicopsychidae. Strongly fluted shafts emerge from
evenly spaced pronounced sockets on the dorsal surface of Costa for
approximately the basal half of Costa (Fig. 4.60). Basally on Costa the hamuli are
more widely spaced, but the hamuli become more densely spaced in roughly the
middle third of Costa. The setae are longitudinally fluted but assume a twist that
imparts a spiral contour to the flutes; distally the apex is tapered (Fig. 4.61-4.62).
The radius of curvature of the row of setae, as evidenced by SEM images of
wings with the WCA engaged, matches the radius of curvature of the forewing
pseudovein that they engage (Fig. 4.60). In this position, the acanthae that cover
the pseudovein can engage the serrated flutes of the hamuli; presumably this
prevents excessive slippage of the apparatus when engaged.

Sericostomatoidea
The family-level phylogeny of Sericostomatoidea is uneven, with 579 described
species (Holzenthal et al. 2007, table 2; Morse 2009) in twelve families; only the
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two cosmopolitan families Helicopsychidae and Sericostomatidae contain more
than one hundred species each. The monophyly of the superfamily is recovered
with strong support but there is no support for any family-level relationships
except a Hydrosalpingidae + Petrothrincidae sister-taxon relationship
(Holzenthal et al. 2007).

Sericostomatidae
The taxonomic history of Sericostomatidae has been turbulent, which is
not surprising since it one of the oldest Trichoptera families, and has traditionally
been a “dumping ground for genera unable to be placed with confidence in other
families.” (Holzenthal et al. 2007); as currently construed it is probably
paraphyletic (Holzenthal et al. 2006). The taxa Gumaga Tsuda, Sericostoma
Latreille and Agarodes Banks are recovered as a weakly supported monophylum
by Holzenthal et al. (2007) in molecular analyses, but currently no morphology
characters are known that support the monophyly of the family.
The WCA of the genera Agarodes tetron (Ross) and Fattigia pele (Ross)
is morphologically similar and may, if additional genera are studied, serve as a
synapomorphy for some clade of sericostomatid genera. The forewing has a bed
of microacanthae on the ventral anal angle which is sometimes restricted to
ambient costa and which reinforces the posterior margin of the forewing.
Beginning at approximately the mid-length of the posterior margin is a welldefined group of apically projecting socketed setae, which encircle the posterior
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and ventral surfaces of the vein (Fig. 4.63-4.64). The coupling setae, which
project away from the vein at ~30°-45° and are slight ly serrate at their apices,
continue for ~15% the length of the posterior margin, after which the morphology
of the setae changes abruptly to typical vein-covering setae. The hindwing
component of the WCA is composed of two opposing fields of socketed setae on
the dorsal aspect in a position anatomically opposite the forewing setal cluster
(Fig. 4.65-4.66). The setae arising from both Costa and Subcosta project at ~45°
apicad. Topologically the coupling region is defined anteriorly by the costal cloud
of coupling setae, posteriorly by an opposing row of linearly arranged setae, and
dorsally by a region of membrane; this topology creates a seta-bordered trough
which engages the forewing coupling setae.

Helicopsychidae
Wing coupling structures in Helicopsychidae are illustrated in the
Trichoptera literature, and Johanson (1998), using SEM, examined and
illustrated the hamuli of Helicopsyche boularia Ross. The hamuli, which vary in
number among taxa, are inserted in deep sockets along the dorsal margin of
Costa. The hamuli display morphological consistency both within a single
individual and among taxa, and are modified fluted setae (Figs. 4.67-4.70) that
assume an axial twist in the shaft. The row of hamuli is arranged such that they
project dorsally from the plane of the hindwing, and such that they acquire a
distally projecting orientation; the change in orientation is due to the presence of
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a smooth bend in the setal shaft (Fig. 4.68). The hamuli engage the ambient
costal vein that has shifted away from the plane of the wing membrane. This shift
results in a trough-like structure composed of the ambient costa (Fig. 4.67),
which is adorned with distally projected microacanthae, closely approximate
Anal1+2+3, and the membrane between ambient costa and Anal1+2+3.
Examination suggests that the coupling system is a synapomorphy for
Helicopsychidae.

Chathamiidae, Calocidae, Conoesucidae and Helicophidae
The species Philanisus plebius (Chathamiidae), Alloecentrella
magnicornis (Calocidae), Beraeoptera roria (Conoesucidae) and Zelolessica
cheira (Helicophidae) were examined. These families are placed in
Sericostomatoidea with strong support (Holzenthal et al. 2006), but the
interfamilial relationships are unclear. In P. plebius the forewing component of
the WCA is comprised of two subunits, and at least superficially it is structurally
similar to that of Molannidae. Ambient costa is reflexed ventrally, thickened, and
adorned with a dense bed of acuminate microacanthae (Fig. 4.71). Immediately
distal to the anal angle and approximate to Anal3 is a region of sclerotized cuticle
that forms a pseudovein. The pseudovein increases in diameter as it becomes
approximate to ambient costa in the middle of the wing margin, and disappears
proximal to the insertion of Anal1+2 on the wing margin. Thus, the ambient costa
and the pseudovein form the posterior edge of a ventral trough-like structure (Fig.
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4.71; trough) bounded dorsally by the wing membrane and anteriorly by a closely
approximate Anal1+2.
The hindwing component of the WCA is comprised of a linear series of
costal setae that project dorsally and apically from Costa (Fig. 4.76). Basally on
Costa the setae are more or less straight, but distally the setae are relatively
shorter and each assumes a curved profile towards the tip. Presumably these
setae engage the forewing by hooking over and into the ventral trough on the
forewing posterior margin.
A similar apparatus is present in A. magnicornis, B. roria and Z. cheira,
which differ primarily in that the posteroventral margin of the forewing coupling
trough is composed of ambient costa only; while the margin is clearly reinforced,
no additional pseudovein can be discerned (Fig. 4.73, 4. 75, 4.77). In general
shape and distribution, the hindwing costal setae of A. magnicornis are similar to
those of P. plebius (Fig. 4.74). The costal setae of Z. cheira differ further by being
more widely spaced, evenly sized, and each evenly curved to a tapered tip
without a pronounced distal curvature (Fig. 4.78). The costal setae in B. roria are
reduced even further and attached only weakly, but the costal margin is
considerably more robust (Fig. 4.75). In this species Costa protrudes dorsally,
has a wider diameter and is adorned, like ambient costa of the forewing, with
acuminate, apically directed, microacanthae. The interaction model suggested by
this conformation is different from that of the other taxa, in that the dorsally
projecting lip of the hindwing engages with the ventrally projecting lip of the
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forewing; the costal setae may participate, but the primary interaction appears to
be due to the opposing and intermeshing fields of microacanthae.

Integripalpia: Plenitentoria
No suprafamilial plenitentorian taxa are supported in combined analyses,
but the superfamily ‘Limnephiloidea’, comprising nine of the thirteen families, is
conventionally recognized (e.g., Vshivkova et al. 2006). The cosmopolitan family
Limnephilidae sensu lato comprises ~1204 of the 1924 species in Plenitentoria,
but Limnephilidae sensu lato is typically broken into the four families Apataniidae
(197 species), Goeridae (169 species), Limnephilidae sensu stricto (806
species), Rossianidae (2 species) and Uenoidae (30 species; Morse 2003,
2009). Holzenthal et al. (2006) failed to find support for intrafamilial arrangements
in Limnephiloidea, but there was strong support for a monophylum comprised of
the above five families. Vshivkova et al. (2006) provided strong morphological
support for a monophyletic Limnephilidae. A number of traditional plenitentorian
families were supported in combined analyses (Holzenthal et al. 2006), including
Brachycentridae, Phryganaeidae, Pisuliidae, Oeconesidae, and
Lepidostomatidae.

Oeconesidae
Examination of the wings of Pseudoeconesus bistirpis Wise, P. hudsoni
Mosely and Oeconesus maori McLachlan support the analysis of Holzenthal et
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al. (2006) that these taxa form a monophylum. No data are available regarding
the flight dynamics of Oeconesidae but the morphology of the wings suggests
that they do couple their wings for an entire beat cycle, even though in vitro
manipulations did not produce a convincing interaction. The jugal lobe of P.
hudsoni is smaller and less protrusive than in Phryganaeidae, and the jugal lobe
of O. maori is virtually absent. The anal cell is rather wide, as in Phryganaeidae,
but is populated with relatively more robust socketed setae; ambient costa is not
reinforced and possesses microacanthae and setae typical of the general wing
vestiture (Fig. 4.79).
The hindwing of P. hudsoni has greatly enlarged setae that begin in the
prehumeral area, but in this species the humeral vein is either absent or
inconspicuous; the setae, which are elongate basally, rapidly decline in length
until they are absent distal to the basal quarter of the wing length (Fig. 4.78). The
hindwing setae of O. maori are similarly difficult to divide into prehumeral and
costal groups. The prehumeral vein is discernible but inserts on Costa after
deviating from the typical course and becoming parallel to Costa; these groups of
setae, which are also morphologically indistinguishable, may represent the
Costal setae only (Fig. 4.81). The setae are, however, more robust than those of
P. hudsoni, shorter and more distinctly curved. The row is more nearly uniform in
length, but diminishes quickly after the basal third of the wing length.

Phryganaeidae
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Previous flight experiments demonstrated that Semblis atrata (Gmelin) did
not fly with coupled wings. An analysis of the wing coupling mechanics of
additional phryganeid genera found only a very weak interaction between the
forewings and hindwings during the upstroke, supporting the conclusion from the
S. atrata experiments. The morphology of the forewing jugal lobe and the
hindwing prehumeral setae suggests strongly that these are engaged during the
downstroke in a manner similar to that of Parapsyche sp. (Hydropsychidae) and
Phylocentropus sp. (Dipseudopsidae). In Banksiola dossuaria (Say) the jugal
lobe is well developed with a reinforced margin that is produced slightly ventrad.
Both the jugal lobe and the anal angle of the anal cell are clothed in
microacanthae, which in the anal angle region is represented by two discrete
classes of microacanthae, an inner region of short, recurved spinose projections,
surrounded by a field of more-elongate and tapered spines typical of the general
covering microacanthae (Figs. 4.82, 4.84). As in Parapsyche sp. and
Phylocentropus sp. the anal cell is quite wide. The acanthae may have a
functional role in wing coupling, but may have a more dominant role in keeping
the forewings locked together while in the tectiform position.
The hindwing prehumeral setae are present as a linear row on the dorsal
aspect of Costa and are simply elongated and enlarged fluted setae. The costal
setae are morphologically similar to the prehumeral setae but are more widely
spaced; other than the presence of the humeral vein that divides the two groups
of setae, no morphological criterion for discriminating between prehumeral and
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costal setae is apparent (Fig. 4.81). In general morphology the setae strongly
resemble the prehumeral and costal setae of Limnephilidae sensu stricto. Again,
these may engage in some manner the forewing while in flight, but no such
interaction could be reproduced in vitro.

Brachycentridae
Wing coupling was observed with high speed cinematography in
Micrasema sp. (Chapter 2). A sister taxon relationship between Micrasema
McLachlan and Brachycentrus Curtis was recovered with strong support by
Holzenthal et al. (2006), and indeed the WCA of these two taxa is
morphologically uniform. The forewing has a discernible jugal lobe and the
ambient costa is adorned with greatly elongate socketed setae that are
recumbent along ambient costa in an apical orientation; ambient costa is
noticeably reinforced and the Anal veins are close and parallel (Fig. 4.86-4.87).
The anal cell in Micrasema sp. is very narrow, and slightly wider in Brachycentrus
sp., but in both taxa the margins of the forewing and hindwing are parallel (Fig.
4.83-4.85). Topologically the recumbent setae of the forewing are displaced
ventrally from the plane of the wing such that they form a halo of setae.
In the hindwing, a prominent linear row of tapering setae is basal to the
humeral vein (Figs. 4.90-92), distal to which is a row of distinctive setae that
project dorsally, obliquely and apically (Figs. 4.92-4.93). The setae are straight
and possess teeth that arise from the serrations along the longitudinal carinae
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that define the flutes of the setal shaft. The morphology of the system suggests
the following biomechanical model: The hindwing costal setae, which project
dorsally, become entangled and embedded in the halo of elongate and
recumbent setae on the ventral aspect of forewing ambient costa. The interaction
does not engage in a precise manner, but instead relies on a ‘probabilistic’
interaction described for other locking mechanisms described by Gorb et al.
(2002).

Lepidostomatidae
High speed cinematography of Lepidostoma sp. conclusively
demonstrated that the forewings and hindwings are engaged on the down stroke
only, enforced presumably by the interaction between the jugal lobe and
prehumeral setae. The general morphology of the basal aspects of the
downstroke WCA in Lepidostoma sp. and Theliopsyche sp. are similar to that of
Brachycentridae, but the morphology of the wings in Lepidostomatidae is highly
variable among species and between the sexes; the contour of the wings is
highly variable (especially the posterior forewing margin), and the nature of the
wing vestiture varies from simple setae to very complex scale-like setae. In
Lepidostoma togatum (Hagen) the posterior margin of the forewing is parallel to
the costal margin of the hindwing, and the anal cell is also quite narrow such that
the Anal vein is closely approximate to hindwing Costa (Fig. 4.97); collectively
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these elements are consistent with wing coupling, but this was not observed or
duplicated in vitro.
The forewing jugal lobe is similar in shape and extent of development to
that of Brachycentridae (Fig. 4.96), as are the hindwing prehumeral setae (Fig.
4.99). Hindwing Costa is adorned with setae that are similar to the typical wing
vestiture and only weakly attached to the membrane. The prehumeral area does,
however, present a structure that may be valuable as a synapomorphy if
observed in additional taxa. Immediately basal to the prehumeral bristles the
margin assumes a pronounced declivity, the contour of which is made more
pronounced by the enlarged lobe immediately basal to it (Fig. 4.98; basal
apophysis). The declivity is devoid of setae, but the lobe, which is apparently
more sclerotized than the declivity, bears weakly attached setae. In shape and
position this structure is suggestive of the costal sclerite of Lepidoptera, but this
is surely a homoplasy. What role this structure performs in wing coupling is
unknown.

Apataniidae, Goeridae, Limnephilidae s. s. and Uenoidae
Until recently the above taxa and Rossianidae were included in the family
Limnephilidae sensu lato, but recent analyses suggest that these families are
indeed each monophyletic and that Limnephilidae sensu stricto is monophyletic
with respect to the remaining families; further relationships are still unclear, and
collectively they form an unresolved polytomy with a relimited Limnephilidae
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(Holzenthal et al. 2006). The putative WCA of taxa in these families shows
consistent overall morphology and may represent an underlying form-functional
theme onto which family and genus-level morphological variation has been
added. The wing interaction mode is not known for any taxa in these families, but
the anatomy of the wings strongly suggests that the wings are coupled during
both the down-stroke and up-stroke.
In all taxa examined, there is evidence of a forewing jugal lobe (Figs.
4.100-4.102). The lobe in some taxa is somewhat diminished, but nonetheless
retains a component that is putatively involved with engaging the hindwing
prehumeral setae. Basally ambient costa is a continuation of the axillary cord,
which originates on the posterior notal process, and whose posterior margin
defines the jugal lobe. While the lobe itself is diminished, the highly extensible
cord forms a ventrally recurved lip that defines a trough-like region that is
ventrally open (Fig. 4.101); this trough presumably engages the hindwing
prehumeral setae.
In the hindwings of all taxa examined there is a more or less prominent
cluster of prehumeral setae (Figs. 4.101-4.102, 4.114, 4.116, 4.118, 4.123,
4.125-126, 4.131) that is basal to a pronounced humeral vein, distal to which
Costa is adorned with a halo of more or less developed setae. Taxonomically
and phylogenetically relevant variation is found in the development of the
prehumeral setae. In Apatania sp. and Apataniana sp. (Apataniidae) the cluster
is reduced to three prominent setae in an anatomically consistent position (Figs.
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4.114, 4.116). The setae are wide-diameter-fluted shafts that arise from
pronounced sockets; the triad is ventrally and apically directed. Distally each
shaft increases in diameter before tapering to a sharp tip, resulting in a
conspicuously bulbous morphology distally. This morphology was observed in
Apatania spp. and Apataniana tschuktschorum Levanidova and may be a
synapomorphy for these genera. In Pedomoecus sierra Ross (Fig. 4.118),
Allomyia gnathos (Ross) and Moselyana comosa Denning the setae are simply
tapered and in overall morphology are similar to those typical for Goeridae,
Limnephilidae and Uenoidae.
The hindwing prehumeral setal cluster in Limnephilidae is variable in the
extent of its development, but the morphology of the setae is uniform. In
Pycnopsyche sonso Milne (Fig. 4.106), the cluster is diminished and the setae
are undifferentiable from the remaining setae on the vein and are essentially
similar to the costal setae distal to the prehumeral vein. In Ecclisomyia
kamtshatica (Martynov), Hydatophylax argus (Harris) and Chaetopteryx fusca
Brauer the cluster is well defined (Figs. 4.103-4.105). The prehumeral setae in
Goera spp. (Goeridae; Figs. 4.123, 4.125) are essentially similar to those of
Limnephilidae, but with a tendency to be somewhat more elongate. In Neophylax
spp. (Uenoidae; Fig. 4.131) the three setae in the cluster are considerably more
elongate and extend well beyond the prehumeral vein. The prehumeral setae of
Silo pallipes (Fabricius) (Goeridae) offer significant variation that may be
taxonomically relevant. In this species the three stout setae are straight for the
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basal two-thirds but then each acquires two pronounced, consecutive inflexions
that introduce a kink into the seta (Fig. 4.126).
The hindwing costal setae vary considerably in their development,
presumably in relation to the degree that they are involved with wing coupling. In
Uenoidae the setae are clearly developed as coupling hooks such that in
Neophylax spp. and Oligophlebodes sp. the setae are ‘J’-shaped structures
arising dorsally from Costa (4.132-4.134). The setae form an evenly spaced and
staggered double row and arise from well-developed sockets (Fig. 4.132). Based
on SEM images, the sockets appear to allow for proximo-distal movement of the
setae. Each socket possesses a “U”-shaped recess and coupling setae can be
reclined into this groove along a proximo-distal axis. Functionally this may allow
the setae to move fluidly with the wing as it undergoes extension during the beat
cycle. Also, each seta bears distinct denticulations on the inner curvature of the
hook (Fig. 4.134). Presumably these denticulations interdigitate with the grooves
on the partner setae of the forewing. This basic morphology is present in
Allomyia gnathos (Apataniidae; Fig. 4.120), Goera fuscula Banks (Goeridae; Fig.
4.124) and to lesser extent Silo pallipes (Goeridae). These taxa differ primarily in
the length of the coupling setae and the fact that they are straight and do not
assume the ‘J’ shape found in Neophylax sp.
The hindwing costal setae in Limnephilidae s.s. vary more widely in their
development, and by inference perhaps to the degree that they participate in
wing coupling. In Lenarchus rillus (Milne) there is very little morphological
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variation in the costal setae, such that if any are involved with coupling they are
morphologically indistinguishable from the remainder of the costal setae that form
a halo around Costa. A slightly more differentiated series of setae is apparent in
Limnephilus fuscovittatus Matsumura in that an evenly spaced row of fluted setae
is consistently obliquely displaced from Costa at ~45°; in other respects they are
morphologically similar to the remaining costal setae. A similar morphology
obtains in Glyphopsyche missouri Ross, but the costal setae are clearly
differentiated into two morphological groups (Fig. 4. 108); the halo of recumbent
fluted setae is diminished, but a regularly spaced row of apicoventrally oblique,
fluted setae is more apparent. An intermediate condition occurs in H. argus in
which there is both a differentiated series of evenly spaced and fluted setae
projecting from Costa, and a well populated halo of recumbent setae surrounding
Costa (Fig. 4.109).
The coupling mechanism or mechanisms employed by ‘limnephiloid’ taxa
are difficult to characterize. In all taxa there is at least some interaction between
the jugal lobe and prehumeral bristles that probably enforces a union of the
wings on the downstroke. What may be quite variable is the level of interaction
that occurs on the upstroke, which possibly ranges from nearly complete (e.g.,
Uenoidae) through yet-unknown degrees to little or no interaction. In Uenoidae
the mechanism appears fairly straightforward in that the hooked coupling setae
arranged in a row along the hindwing Costa ‘grapple’ around a halo-like bed of
elongate and recumbent fluted setae that originate on the forewing ambient costa
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(Figs. 4.127-4.129). In Apataniidae and possibly some Goeridae (e.g., S.
pallipes) a similar mechanism is suggested, differing primarily in the relative and
variable position of the interacting groups of setae. In A. gnathos, S. pallipes and
G. fuscula it is the forewing setae that are elongated and linear, being positioned
roughly in the plane of the wing membrane but oblique to the longitudinal wing
axis at ~45° (Figs. 4.117,4.122, 124). In these taxa the hindwing interaction is
provided by a morphologically distinct class of costal setae that in some aspects
of their micromorphology resemble those of Uenoidae. They differ, however, in
lacking the hook-tip that results in a “J” shape profile, being instead straight to
gently curved (Figs. 4.118, 4.120, 4.124). The coupling apparatus of Apatania sp.
is markedly different in that the forewing coupling setae are comparatively shorter
(Fig. 4.113), and the hindwing costal coupling setae are considerably more
elongate and highly recumbent distally along the longitudinal wing axis (Fig.
4.115). On the forewing the coupling setae arise in a well-delimited multiserial
row and originate from both ambient costa and the anal cell membrane
immediately anterior to ambient costa (Fig. 4.113). The setae are stout and
fusiform in shape and project obliquely apicoventrad at ~45° from the wing
membrane.
In both Apataniidae and Goeridae the forewing-hindwing setal interaction
mechanism appears to be entanglement of the two setal beds. A common theme
is that the two opposing beds of setae are more or less oblique to each other,
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generally projecting at ~45° to the longitudinal axi s, which may serve to enhance
the mechanical entanglement.
The possibility of wing coupling in Limnephilidae s.s. is more difficult to
characterize. Like the other Limnephiloidea families, the wings are almost
certainly united during the downstroke by the jugal lobe-prehumeral setae
interaction, but the variable development of both the hindwing costal setae and
the forewing anal cell makes for a less clear picture. Evidence that there is at
least some interaction on the upstroke or the downstroke-upstroke is suggested
by the wing contours and the cross-sectional profile in the forewing anal cell and
hindwing costal-subcostal cell. In all Limnephilidae s.s. taxa examined, the
forewing anal cell is basally more or less parallel-sided, bounded by linear
Anal1+2+3 and ambient costa veins (Figs. 4.100-4.102); similarly, the hindwing
costal-subcostal cell is approximately parallel sided, at least basally, with a linear
Costa (Fig. 4.107). In P. sonso, the wing membrane in cross section in these
cells is menisciform; the forewing anal cell membrane is ventrally convex,
dorsally concave, and the membrane of the hindwing cell is flat to slightly dorsally
concave. When superimposed in the open position the wings overlap such that
the two cells are approximate. In such a position, hindwing Costa is
superimposed on the forewing anal cell, and the forewing ambient costa is
approximate to the hindwing Subcosta and Radius. In this position the opposing
fields of socketed setae are brought into close approximation, which then
become enmeshed (Fig. 4.110).
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Such approximation may be sufficient to effect some measure of coupling,
but additional coupling support may be derived from the hindwing costal setae
interacting with socketed setae populating the forewing anal cell. The degree of
development of the anal cell setae and the hindwing costal setae vary widely
among taxa, from sparse to dense beds of weakly developed setae, to
more stoutly developed setae; in all cases examined the setae are oriented at
~45° to the longitudinal wing axis.

Taxonomic and Phylogenetic Implications of Wing Coupling Structures in
Integripalpia
With the exception of work by Vineyard and Wiggins (Uenoidae), Huxley
and Barnard (1988) and Johanson (1998), there has been no attempt to extract
either taxonomically or phylogenetically useful information from the morphology
of the putative WCA of integripalpian taxa. Results presented here clearly
suggest that these structures present a bounty of data for not only comparative
morphologists, but also for functional and experimental morphologists that wish
to study the evolution of complex interacting fields of morphology. Even without a
taxonomically in-depth survey, numerous structures have been identified that can
provide both taxonomically and phylogenetically valuable data.
Especially variable in Brevitentoria is the development of the jugal lobe; it
varies from being a well developed structure in Phryganaeidae and allied families
to a relatively diminished structure in Limnephilidae and allied families. The
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precise functional role has probably also been modified, but the presumed
outcome remains that it is involved with ensuring the union of the wings during
the downstroke. Within the ‘limnephiloid’ families Apataniidae and Goeridae,
there is also an especially interesting mix of morphologies that at present
eliminates their use as synapomorphies; the development of the forewing and
hindwing coupling setae at some level probably represents homology, but their
divergent development in different clades suggests a highly homoplastic system.
The prehumeral setae show sufficiently varied morphology that they could be
useful in establishing sub-family grade clades; this appears especially so for the
distinctive setae in Apatania sp. and Apataniana sp. The ‘J’-shaped coupling
hook morphology in Neophylax sp. and Oligophlebodes sp. might, if more taxa
are sampled from additional genera, provide a useful family-level synapomorphy.
Four major evolutionary themes are developed in the morphology of
Brevitentoria–the diminution of the jugal lobe, the enhancement of ambient costa,
the presence of a bed of acanthae on the forewing anal angle and the diminution
of the prehumeral setae.
The lobe of the anal angle of Philorheithridae may or may not be a
homologue of that in other taxa, such as Calamoceratidae and Leptoceridae and
Odontoceridae, but remarkable its development within philorheithrid taxa makes
it a strong candidate for a synapomorphy. The morphological theme of
development of the forewing anal angle acanthae is also probably related to the
general augmentation of ambient costa. This vein, which in most brevitentorian
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and annulipalpian families is only weakly developed, becomes much more
pronounced, deviates from the plane of the wing ventrally, and becomes densely
populated with microacanthae. Overall it presents a stout, lip-like structure that
can apparently provide a well-developed grip on partner structures of the
hindwing. Development of this type, which is common in both sericostomatoid
and ‘leptoceroid’ families, is particularly evident in Molannidae , Leptoceridae,
Helicopsychidae, Chathamiidae and Calocidae, in which families the ambient
costa vein itself, and not setal structures developed from it, serves as the
forewing coupling component. The morphological outcome is to present a troughlike structure into which hindwing coupling setae are inserted. The development
of this complex of structures (ambient costal vein, pseudovein cuticular
neoformations, Anal1+2+3) should be documented in a more extensive group of
taxa, and doing so may improve the phylogenetic resolution of this complex for
several of the sericostomatoid families in particular.
Also of interest is the relationship between morphology and function when
there is the possibility that multiple functional roles are fulfilled by a structure or
complex of structures. This will be developed more fully in Chapter 5, but is
mentioned here to emphasize that the evolution of wing coupling may have been
potentiated by the fact that several of the constituents of a coupling system may
have had prior, or additional, functional roles. In particular, the lobe adjacent to
the forewing anal angle in Philorheithridae is employed in a functional role similar
to that assumed by the acanthae fields in the A cell of Smicridea sp.
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(Hydropsychidae: Smicrideinae). In Kosrheithrus tillyardi and Austrheithrus
dubitans the lobe is employed as a friction-based releasable fastener that
maintains the wings in the tectiform position; the topology and vestiture of the
lobes is such that they intermesh and form a robust connection. Similar and
possibly homologous lobes occur in Leptoceridae and Odontoceridae in
particular, but are less well developed. However, in Leptoceridae in particular the
patch of acanthae is drawn out extensively along ambient costa and forms the
forewing component of the forewing-hindwing coupling apparatus. Thus it is
possible that a structure involved with one function (at rest forewing-forewing
coupling) came to be employed as part of a forewing-hindwing coupling system.
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LIST OF FIGURES

Figure 4.1. Phylogeny of Integripalpia. (1) Plenitentoria, (2) Brevitentoria,
(3) “Limnephiloidea”,(4) “Leptoceroidea”,(5) Sericostomatoidea. Modified
from Holzenthal et al. 2006, 2007.
Figure 4.2. Light micrograph of the left forewing of Austrheithrus dubitans
Mosely (Philorheithridae), ventral view. Scale bar = 1 mm.
Figure 4.3. Scanning electron micrograph of the left forewing of
Austrheithrus dubitans Mosely (Philorheithridae), showing coupling setae,
ventral view. Scale bar = 100 µm.
Figure 4.4. Light micrograph of the left fore- and hindwings of
Austrheithrus dubitans Mosely (Philorheithridae), ventral view. Scale bar =
1 mm.
Figure 4.5. Scanning electron micrograph of the right hindwing coupling
setae of Kosrheithrus tillyardi Mosely (Philorheithridae), dorsal view. Scale
bar = 50 µm.
Figure 4.6. Scanning electron micrograph of the right hindwing coupling
setae of Kosrheithrus tillyardi Mosely (Philorheithridae), dorsal view. Scale
bar = 10 µm.
Figure 4.7. Scanning electron micrograph of the right hindwing coupling
setae of Kosrheithrus tillyardi Mosely (Philorheithridae), dorsal view. Scale
bar = 50 µm.
Figure 4.8. Scanning electron micrograph of the right hindwing coupling
setae of Kosrheithrus tillyardi Mosely (Philorheithridae), dorsal view. Scale
bar = 10 µm.
Figure 4.9. Light micrograph of the left forewing anal angle region of
Kosrheithrus tillyardi Mosely (Philorheithridae), ventral view. Scale bar = 1
mm.
Figure 4.10. Scanning electron micrograph of the left forewing anal angle
lobe of Kosrheithrus tillyardi Mosely (Philorheithridae), ventral view. Scale
bar = 100 µm.
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Figure 4.11. Scanning electron micrograph of the left forewing anal angle
lobe of Kosrheithrus tillyardi Mosely (Philorheithridae), ventral view. Scale
bar = 50 µm.
Figure 4.12. Scanning electron micrograph of the left forewing anal angle
lobe of Kosrheithrus tillyardi Mosely (Philorheithridae), ventral view. Scale
bar = 10 µm.
Figure 4.13. Scanning electron micrograph of the left forewing anal angle
lobe of Kosrheithrus tillyardi Mosely (Philorheithridae), ventral view. Scale
bar = 10 µm.
Figure 4.14. Light micrograph of the left forewing of Marilia sp.
(Odontoceridae), ventral view. Boxed region emphasizes area with
coupling setae. Scale bar = 1 mm.
Figure 4.15. Light micrograph of the left forewing anal angle of Marilia sp.
(Odontoceridae), ventral view. Scale bar = 0.5 mm.
Figure 4.16. Scanning electron micrograph of the left forewing anal angle
of Marilia flexuosa Ulmer (Odontoceridae), ventral view. Scale bar = 100
µm. Inset of acanthae. Scale bar = 10 µm.
Figure 4.17. Light micrograph of left coupled wings of Marilia flexuosa
Ulmer (Odontoceridae) in vitro, ventral view. Scale bar = 0.5 mm.
Figure 4.18. Scanning electron micrograph of the right hindwing coupling
setae of Marilia flexuosa Ulmer (Odontoceridae), dorsal view. Scale bar =
50 µm.
Figure 4.19. Scanning electron micrograph of the right hindwing coupling
setae of Marilia flexuosa Ulmer (Odontoceridae), dorsal view. Scale bar =
10 µm.
Figure 4.20. Light micrograph of the right hindwing coupling setae of
Marilia flexuosa Ulmer (Odontoceridae), dorsal view. Scale bar = 100 µm.
Figure 4.21. Scanning electron micrograph of the right hindwing coupling
setae of Marilia flexuosa Ulmer (Odontoceridae), dorsal view. Scale bar =
10 µm.
Figure 4.22. Light micrograph of the left hindwing of Marilia flexuosa Ulmer
(Odontoceridae), ventral view. Boxed area is the region on costa
containing the forewing coupling setae. Scale bar = 1 mm.
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Figure 4.23. Light micrograph of the left forewing coupling setae of
Psilotreta sp. (Odontoceridae), ventral view. Scale bar = 100 µm.
Figure 4.24. Scanning electron micrograph of the left forewing coupling
setae of Psilotreta sp. (Odontoceridae), ventral view. Scale bar = 10 µm.
Figure 4.25. Light micrograph of the left forewing coupling setae of Marilia
flexuosa Ulmer (Odontoceridae), ventral view. Scale bar = 100 µm.
Figure 4.26. Scanning electron micrograph of the left forewing coupling
setae of Marilia flexuosa Ulmer (Odontoceridae), ventral view. Scale bar =
100 µm.
Figure 4.27. Light micrograph of the left forewing of Calamoceratidae sp.,
ventral view. A = region of acanthae on the anal angle, B = region of
forewing coupling setae. Scale bar = 1 mm.
Figure 4.28. Scanning electron micrograph of the left forewing anal angle
region of Anisocentropus pyraloides (Walker) (Calamoceratidae), ventral
view. Scale bar = 10 µm.
Figure 4.29. Light micrograph of the left forewing coupling setae of
Heteroplectron americanum (Walker) (Calamoceratidae), ventral view.
Scale bar = 100 µm.
Figure 4.30. Light micrograph of the left forewing coupling setae and
hindwing coupling setae of Calamoceratidae sp., ventral view. Scale bar =
1 mm.
Figure 4.31. Scanning electron micrograph of the left forewing coupling
setae of Anisocentropus pyraloides (Walker) (Calamoceratidae), ventral
view. Scale bar = 100 µm.
Figure 4.32. Scanning electron micrograph of the left forewing coupling
setae of Anisocentropus pyraloides (Walker) (Calamoceratidae), ventral
view. Scale bar = 50 µm.
Figure 4.33. Scanning electron micrograph of the left forewing coupling
setae of Anisocentropus pyraloides (Walker) (Calamoceratidae), ventral
view. Scale bar = 10 µm.
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Figure 4.34. Scanning electron micrograph of the basal setae on the right
hindwing of Anisocentropus pyraloides (Walker) (Calamoceratidae), dorsal
view. Scale bar = 10 µm.
Figure 4.35. Light micrograph of the right hindwing of Calamoceratidae
sp., dorsal view. A = region of denticulate setae in Fig. 34., B =region of
hindwing coupling setae in Figs. 36-37. Scale bar = 1 mm.
Figure 4.36. Light micrograph of the right hindwing coupling setae of
Calamoceratidae sp., dorsal view. Scale bar = 1 mm.
Figure 4.37. Light micrograph of the right hindwing coupling setae of
Calamoceratidae sp., dorsal view. Scale bar = 1 mm.
Figure 4.38. Light micrograph of the left forewing anal angle and anal cell
region of Georgium japonicum (Ulmer) (Calamoceratidae), ventral view. A
= region microacanthae, B =region of sclerotized cuticle posterior to
A+1+2+3. Scale bar = 100 µm.
Figure 4.39. Light micrograph of the left forewing anal cell region of
Georgium japonicum (Ulmer) (Calamoceratidae), ventral view. Scale bar =
100 µm.
Figure 4.40. Light micrograph of the left forewing of Georgium japonicum
(Ulmer) (Calamoceratidae), ventral view. Scale bar = 1 mm.
Figure 4.41. Light micrograph of the right hindwing coupling setae on
Subcosta of Georgium japonicum (Ulmer) (Calamoceratidae), dorsal view.
Scale bar = 100 µm.
Figure 4.42. Light micrograph of the right hindwing coupling setae on
Radius of Georgium japonicum (Ulmer) (Calamoceratidae), dorsal view.
Scale bar = 100 µm.
Figure 4.43. Light micrograph of the left forewing of Mystacides pacifica
Mey (Leptoceridae), showing coupling trough, ventral view. Scale bar = 1
mm.
Figure 4.44. Light micrograph of the left forewing ventral anal angle of
Triaenodes sp. (Leptoceridae), ventral view. Scale bar = 100 µm.
Figure 4.45. Scanning electron micrograph of the left forewing anal angle
of Oecetis avara (Banks) (Leptoceridae), ventral view. Scale bar = 50 µm.
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Figure 4.46. Scanning electron micrograph of the left forewing ambient
costa of Ceraclea sp. (Leptoceridae), ventral view. Scale bar = 10 µm.
Figure 4.47. Scanning electron micrograph of the left forewing ambient
costa of Mystacides sepulchralis (Walker) (Leptoceridae), ventral view.
Scale bar = 10 µm.
Figure 4.48. Scanning electron micrograph of the right hindwing coupling
setae of Oecetis avara (Banks) (Leptoceridae), dorsal view.Scale bar = 10
µm.
Figure 4.49. Scanning electron micrograph of the right hindwing coupling
setae of Setodes sp. (Leptoceridae), dorsal view. Scale bar = 10 µm.
Figure 4.50. Scanning electron micrograph of the right hindwing coupling
setae of Mystacides sepulchralis (Walker) (Leptoceridae), dorsal view.
Scale bar = 10 µm.
Figure 4.51. Scanning electron micrograph of the right hindwing coupling
setae of Oecetis avara (Banks) (Leptoceridae), dorsal view. Scale bar = 5
µm.
Figure 4.52. Light micrograph of the basal right hindwing of Ceraclea
tarsipunctata (Vorhies) (Leptoceridae), with denticulate and costal setae,
dorsal view. Scale bar = 100 µm.
Figure 4.53. Scanning electron micrograph of the basal right hindwing
denticulate setae of Ceraclea sp. (Leptoceridae), dorsal view. Scale bar =
10 µm.
Figure 4.54. Scanning electron micrograph of the basal right hindwing
denticulate setae Nectopsyche sp. (Leptoceridae), dorsal view. Scale bar
= 5 µm
Figure 4.55. Scanning electron micrograph of the basal right hindwing
denticulate setae of Oecetis avara (Banks) (Leptoceridae), dorsal view.
Scale bar = 5 µm.
Figure 4.56. Light micrograph of the left forewing of Molanna ulmerina
Navas (Molannidae), anal angle region, ventral view. Scale bar = 1 mm.
Figure 4.57. Light micrograph of the left forewing of Molanna ulmerina
Navas (Molannidae), ventral view. Scale bar = 100 µm.
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Figure 4.58. Scanning electron micrograph of the right hindwing coupling
seta of Molanna ulmerina Navas (Molannidae) engaged on forewing
pseudovein, dorsal view. Scale bar = 10 µm.
Figure 4.59. Scanning electron micrograph of the left forewing ambient
costa and pseudovein of Molanna ulmerina Navas (Molannidae), ventral
view. Scale bar = 50 µm.
Figure 4.60. Scanning electron micrograph of the left engaged coupling
mechanism of Molanna ulmerina Navas (Molannidae), ventral view. Scale
bar = 10 µm.
Figure 4.61. Scanning electron micrograph of the right hindwing coupling
setae of Molanna ulmerina Navas (Molannidae), dorsal view. Scale bar =
10 µm.
Figure 4.62. Scanning electron micrograph of the apex of a hindwing
coupling seta of Molanna ulmerina Navas (Molannidae). Scale bar = 10
µm.
Figure 4.63. Scanning electron micrograph of the left forewing coupling
setae of Agarodes libalis Ross & Scott (Sericostomatidae), ventral view.
Scale bar = 10 µm.
Figure 4.64. Light micrograph of the left forewing coupling setae of Fattigia
pele (Ross) (Sericostomatidae), ventral view. Scale bar = 100 µm.
Figure 4.65. Scanning electron micrograph of the right hindwing coupling
setae of Agarodes libalis Ross & Scott (Sericostomatidae), dorsal view.
Scale bar = 50 µm.
Figure 4.66. Light micrograph of the right hindwing coupling setae of
Fattigia pele (Ross) (Sericostomatidae), dorsal view. Scale bar = 100 µm.
Figure 4.67. Light micrograph of the left forewing of Helicopsyche limnella
Ross (Helicopsychidae), showing trough, ventral view. Scale bar = 100
µm.
Figure 4.68. Light micrograph of the right hindwing coupling setae of
Helicopsyche limnella Ross (Helicopsychidae), dorsal view. Scale bar =
100 µm.
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Figure 4.69. Scanning electron micrograph of the right hindwing coupling
setae of Helicopsyche borealis (Hagen) (Helicopsychidae), dorsal view.
Scale bar = 10 µm.
Figure 4.70. Scanning electron micrograph of the apex of a hindwing
coupling seta of Helicopsyche borealis (Hagen) (Helicopsychidae). Scale
bar = 5 µm.
Figure 4.71. Light micrograph of the left forewing of Philanisus plebeius
Walker (Chathamiidae), showing trough, ventral view. Scale bar = 100 µm.
Figure 4.72. Light micrograph of the right hindwing coupling setae of
Philanisus plebius Walker (Chathamiidae), dorsal view. Scale bar = 100
µm.
Figure 4.73. Light micrograph of the left forewing of Alloecentrella
magnicornis Wise (Calocidae), showing trough, ventral view. Scale bar =
100 µm.
Figure 4.74. Light micrograph of the right hindwing coupling setae of
Alloecentrella magnicornis Wise (Calocidae), dorsal view. Scale bar = 100
µm.
Figure 4.75. Light micrograph of the left forewing of Beraeoptera roria
Mosely (Conoesucidae), ventral view. Scale bar = 100 µm.
Figure 4.76. Light micrograph of the right hindwing coupling setae and
Costa of Beraeoptera roria Mosely (Conoesucidae), dorsal view. Scale bar
= 1 mm.
Figure 4.77. Light micrograph of the left forewing of Zelolessica cheira
McFarlane (Helicophidae), showing trough, ventral view. Scale bar = 1
mm.
Figure 4.78. Light micrograph of the right hindwing coupling setae of
Zelolessica cheira McFarlane (Helicophidae), dorsal view. Scale bar = 1
mm.
Figure 4.79. Light micrograph of the left forewing of Pseudoeconesus
hudsoni Mosely (Oeconesidae), ventral view. Scale bar = 1 mm.
Figure 4.80. Light micrograph of the right hindwing of Pseudoeconesus
bistirpis Wise (Oeconesidae), dorsal view. Scale bar = 1 mm.
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Figure 4.81. Light micrograph of the right hindwing of Oeconesus maori
McLachlan (Oeconesidae), dorsal view. Scale bar = 1 mm.
Figure 4.82. Light micrograph of the left forewing of Banksiola dossuaria
(Say) (Phryganaeidae), ventral view. Scale bar = 1 mm.
Figure 4.83. Light micrograph of prehumeral setae and costal setae of the
right hindwing of Banksiola dossuaria (Say) (Phryganaeidae), dorsal view.
Scale bar = 1 mm.
Figure 4.84. Light micrograph of basal region of the left forewing Banksiola
dossuaria (Say) (Phryganaeidae), ventral view. Boxed region ma =
microacanthae. Scale bar = 100µm.
Figure 4.85. Light micrograph of right fore- and hindwings of
Brachycentrus sp. (Brachycentridae), dorsal view. Scale bar = 1 mm.
Figure 4.86. Light micrograph of right fore- and hindwings of Micrasema
sp. (Brachycentridae), dorsal view. Scale bar = 1 mm.
Figure 4.87. Light micrograph of ventral surface of left forewing of
Micrasema sp. (Brachycentridae), ventral view. Scale bar = 0.5 mm.
Figure 4.88. Scanning electron micrograph of left forewing coupling setae
of Micrasema sp. (Brachycentridae), ventral view. Scale bar = 50 µm.
Figure 4.89. Scanning electron micrograph of left forewing coupling setae
of Micrasema sp. (Brachycentridae), ventral view. Scale bar = 50 µm.
Figure 4.90. Light micrograph of right hindwing prehumeral setae of
Brachycentrus sp. (Brachycentridae), dorsal view. Scale bar = 100 µm.
Figure 4.91. Scanning electron micrograph of right hindwing prehumeral
setae of Brachycentrus sp. (Brachycentridae), dorsal view. Scale bar=
100µm
Figure 4.92. Scanning electron micrograph of right hindwing prehumeral
setae of Micrasema sp., dorsal view. (Brachycentridae). Scale bar = 50
µm.
Figure 4.93. Scanning electron micrograph of right hindwing prehumeral
setae of Brachycentrus sp. (Brachycentridae), dorsal view. Scale bar = 10
µm.
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Figure 4.94. Scanning electron micrograph of right hindwing coupling of
Micrasema sp. (Brachycentridae), dorsal view. Scale bar = 10 µm.
Figure 4.95. Scanning electron micrograph of right hindwing coupling
setae of Micrasema sp. (Brachycentridae), dorsal view. Scale bar = 10
µm.
Figure 4.96. Light micrograph of left forewing basal region of Lepidostoma
togatum (Hagen) (Lepidostomatidae), ventral view. Scale bar = 0.5 mm.
Figure 4.97. Light micrograph of right forewing and hindwing of
Lepidostoma togatum (Hagen) (Lepidostomatidae), dorsal view. Scale bar
= 0.5 mm.
Figure 4.98. Light micrograph of the right basal hindwing of Lepidostoma
togatum (Hagen) (Lepidostomatidae), showing prehumeral setae and
basal apophysis, dorsal view. Scale bar = 1 mm.
Figure 4.99. Scanning electron micrograph of the right basal hindwing
prehumeral setae of Lepidostoma togatum (Hagen) (Lepidostomatidae),
dorsal view. Scale bar = 50 µm.
Figure 4.100. Light micrograph of the left forewing of Pycnopsyche sonso
Milne (Limnephilidae), ventral view. Scale bar = 1 mm.
Figure 4.101. Light micrograph of the anal angle region of the left forewing
of Pycnopsyche sonso Milne (Limnephilidae), ventral view. Scale bar = 1
mm.
Figure 4.102. Light micrograph of the anal angle region of the left forewing
of Glyphopsyche missouri Ross (Limnephilidae), ventral view. Scale bar =
1 mm.
Figure 4.103. Light micrograph of the right hindwing prehumeral setae and
costal setae of Ecclisomyia kamtshatica (Martynov) (Limnephilidae),
dorsal view. Scale bar = 100 µm.
Figure 4.104. Light micrograph of the right hindwing prehumeral setae and
costal setae of Hydatophylax argus (Harris) (Limnephilidae), dorsal view.
Scale bar = 1 mm.
Figure 4.105. Light micrograph of the right hindwing prehumeral setae and
costal setae of Chaetopteryx fusca Brauer (Limnephilidae), dorsal view.
Scale bar = 100 µm.
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Figure 4.106. Light micrograph of the right hindwing prehumeral setae and
costal setae of Pycnopsyche sonso Milne (Limnephilidae), dorsal view.
Scale bar = 100 µm.
Figure 4.107. Light micrograph of the right hindwing of Pycnopsyche
sonso Milne (Limnephilidae), dorsal view. Scale bar = 1 mm.
Figure 4.108. Light micrograph of the right hindwing coupling setae of
Glyphopsyche missouri Ross (Limnephilidae), dorsal view. Scale bar =
100 µm.
Figure 4.109. Light micrograph of the right hindwing coupling setae of
Hydatophylax argus (Harris) (Limnephilidae), dorsal view. Scale bar = 100
µm.
Figure 4.110. Light micrograph of the right fore- and hindwing of
Hydatophylax argus (Harris) (Limnephilidae), in the coupled position,
dorsal view. Scale bar = 1 mm.
Figure 4.111. Light micrograph of the left forewing of Apataniidae sp.,
ventral view. Scale bar = 1 mm.
Figure 4.112. Light micrograph of the right hindwing of Apataniidae sp.,
dorsal view. Scale bar = 1 mm.
Figure 4.113. Scanning electron micrograph of the left forewing coupling
setae of Apatania crymophila McLachlan
(Apataniidae), ventral view. Scale bar = 50 µm.
Figure 4.114. Light micrograph of the right hindwing prehumeral and
costal setae of Apatania robusta (Apataniidae), dorsal view. Scale bar =
100 µm.
Figure 4.115. Scanning electron micrograph of the right hindwing coupling
setae of Apatania crymophila McLachlan
(Apataniidae), dorsal view. Scale bar = 50µm.
Figure 4.116. Scanning electron micrograph of the right hindwing
prehumeral setae of Apatania crymophila McLachlan (Apataniidae), dorsal
view. Scale bar = 100µm.
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Figure 4.117. Light micrograph of the left forewing of Allomyia gnathos
(Ross) (Apataniidae), ventral view. Boxed area emphasizes location of
coupling setae. Scale bar = 1 mm.
Figure 4.118. Light micrograph of the right forewing prehumeral and
hindwing coupling setae of Pedomoecus sierra Ross (Apataniidae). Scale
bar = 100 µm.
Figure 4.119. Light micrograph of the left forewing coupling setae of
Allomyia gnathos (Ross) (Apataniidae), ventral view. Scale bar = 100 µm.
Figure 4.120. Light micrograph of the right hindwing coupling setae of
Allomyia gnathos (Ross) (Apataniidae), dorsal view. Scale bar = 100 µm.
Figure 4.121. Light micrograph of the left forewing of Goera japonica
Banks (Goeridae), ventral view. Boxed area emphasizes location of the
forewing coupling setae. Scale bar = 1 mm.
Figure 4.122. Light micrograph of the left forewing of Silo pallipes
(Fabricius) (Goeridae), showing forewing coupling setae, ventral view.
Scale bar = 10 µm.
Figure 4.123. Light micrograph of the right hindwing prehumeral and
costal coupling setae of Goera calcarata Banks (Goeridae), dorsal view.
Scale bar = 100 µm.
Figure 4.124. Light micrograph of the right hindwing coupling setae of
Goera fuscula Banks (Goeridae), dorsal view. Scale bar = 100 µm.
Figure 4.125. Scanning electron micrograph of the prehumeral setae of
Goera fuscula Banks (Goeridae), dorsal view. Scale bar = 10 µm.
Figure 4.126. Light micrograph of the right hindwing prehumeral setae of
Silo pallipes (Fabricius) (Goeridae), dorsal view. Scale bar = 10 µm.
Figure 4.127. Light micrograph of the left forewing of Neophylax
ussuriensis (Martynov) (Uenoidae), ventral view. Scale bar = 1 mm.
Figure 4.128. Light micrograph close up of the left forewing of Neophylax
ussuriensis (Martynov) (Uenoidae), showing coupling setae, ventral view.
Scale bar = 1 mm.
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Figure 4.129. Light micrograph of the left forewing of Neophylax
ussuriensis (Martynov) (Uenoidae), showing forewing coupling setae on
ambient costa, ventral view. Scale bar = 1 mm.
Figure 4.130. Light micrograph of coupled right fore- and hindwings of
Oligophlebodes sp. (Uenoidae), dorsal view. Box indicates setae in
coupling position. Scale bar = 1 mm.
Figure 4.131. Scanning electron micrograph of right hindwing prehumeral
and costal setae of Neophylax ussuriensis (Martynov) (Uenoidae), dorsal
view. Scale bar = 100 µm.
Figure 4.132. Scanning electron micrograph of right hindwing coupling
setae of Neophylax ussuriensis (Martynov) (Uenoidae), dorsal view. Scale
bar = 100 µm.
Figure 4.133. Light micrograph of right hindwing coupling setae of
Neophylax ussuriensis (Martynov) (Uenoidae), dorsal view. Scale bar =
100 µm.
Figure 4.134. Scanning electron micrograph of the right hindwing coupling
setae of Neophylax ussuriensis (Martynov) (Uenoidae), dorsal view. Scale
bar = 10 µm.
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CHAPTER FIVE
ALTERNATIVE AND NON-FLIGHT RELATED WING-WING INTERACTION

Introduction
Taxa that do not couple their wings may still display significant forewinghindwing interaction, and insight into the origins of the coupling mechanisms can
be gained by examining the relevant structures across amphiesmenopteran taxa
and by comparison to outgroups such as Mecoptera. From this perspective the
repeated evolution of diptery as a form-functional complex will be seen as the
result of sequential exaptation (sensu Gould and Vrba 1982), with functional
diptery as an outcome that has been repeatedly realized by different
combinations of anatomic structures. Considering that wings of insects in general
are equipped with a diverse tool-box of morphological attributes (e.g., socketed
setae, both enervated and unenervated, wing membrane cuticle with differential
sclerotization, taxonomically variable venation, sculpting of micro-morphological
properties of the cuticle, and variation in physical properties like rigidity), it is less
surprising that caddisfly lineages of varying phylogenetic distance should have
converged on a similar functional capacity.
Wing coupling apparati that yield functional diptery are only one class of
biomechanical interactions that are known in insect functional biology (reviewed
by Gorb 2001). Biomechanical interactions between the wing-body and wingwing are well known in numerous insect groups, and are examples of frictionbased releasable attachment devices (Gorb et al. 2002). Collectively, these
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acanthae- and/or setae-based biomechanical locks are known as ‘probabilistic’
since they do not require a precise correspondence between parts in order to
function (Gorb et al. 2002). For some taxa, the biomechanical properties of these
systems are understood and in some cases suggest a particular function in an
ecological scenario. For example, Merope tuber Newman (Meropeidae:
Mecoptera) has cuticular ridges on the forewing jugal lobe and metascutellum
which, when in contact, interdigitate and serve to lock the wings dorsally over the
body (Fig. 5.1). This is presumed to correlate with their ecology as substrate
dwellers that move in tight spaces, in which circumstances the wings are prone
to disruption and entanglement in substrate debris (Hlavac 1974). Heteroptera
may have either or both types of locking devices in addition to forewing-hindwing
coupling structures, and in some aquatic Heteroptera the wing-wing and wingbody locks form a seal sufficiently tight to retain an air pocket while submerged
(Gorb & Perez Goodwyn 2003). A diversity of locking mechanisms also occurs in
Lepidoptera, the most well-known being the at-rest wing- and- body-locking
mechanism that is comprised of a dense patch of strong microtrichia (acanthae,
aculei; Fig. 5.2) on the ventral surface of the forewing anal cell (spinarea, Minet
1991), and that is partner to a patch of microacanthae on the metascutum
(Kuitjen 1974). Presence of this mechanism was shown to correlate with the
resting position assumed by the insect; moths that kept their wings “closely
pressed against the thorax” possessed the mechanism, and was absent in moths
that held their wings less closely to the thorax (Kuitjen 1974).
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Two mechanisms in particular can be mentioned that appear to be
functional analogues of the forewing-forewing coupling apparatus of many
Trichoptera. Certain Aphelinidae and Encyrtidae (Hymenoptera: Chalcidoidea)
possess a forewing-forewing locking mechanism based on a seta-retinaculum
interaction (Hennessey 1981). The phylogenetic distribution of wing locking was
found to correlate with the propensity to parasitize homopterous insects, leading
the author to hypothesize that there was adaptive value to wings that lock
securely in place, arguing that they would be less likely to become entangled in
the sticky honeydew secreted by the host. Several Belostomatidae (Heteroptera)
taxa (e.g., Lethocerus spp., Abedus spp.) lock the forewings (hemelytra) together
with a “brush-to-brush frictional surface” system (Gorb & Perez Goodwyn 2003),
in which two opposing patches of distinctively shaped setae become entangled.
In both the Chalcidoidea and Belostomatidae wing-locking systems there is no
inherent bias in which wing is superior while locked in place. In this chapter I
describe the forewing-forewing at-rest wing locking mechanism discovered in
several Trichoptera taxa, and discuss how the functional properties of this
system possibly relate to the evolution of forewing-hindwing wing coupling.

Results
That a form-functional complex in at least some Trichoptera is involved with
retaining the wings at rest is suggested by several lines of morphological
evidence that collectively illustrate that the wings, which generally appear to be
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flat surfaces, in fact assume complex topologies, especially when at rest. An
alternative modality is also suggested by evidence from in vitro manipulation
wherein the wings are resistant to separation under gentle pulling, but will
eventually separate abruptly if pulled sufficiently.
Comparative analyses reveal that the bed of densely and variously
developed acanthae near the forewing anal angle is widely distributed in
Trichoptera, but appears to be particularly well developed in Brevitentoria
(Integripalpia); the bed and morphology of the anal angle is so distinctive in
Philorheithridae that it is offered as a family-level synapomophy (Weaver et al.
2008). This morphological complex, discussed in Chapter 3, is undoubtedly
associated with forewing-forewing at-rest coupling, although there may be an
additional but unknown role in forewing-hindwing coupling. The biomechanical
principle appears to rely on the fact that the lobes are dorso-ventrally
menisciform in shape, which allows the dorsal surface of one lobe to rest on the
ventral surface of the opposite lobe (Fig. 5.3). The two opposing fields of
microacanthae are then approximate and become entangled. Entanglement, and
therefore stability, is probably enhanced by the fact that the acanthae are
strongly curved and pointed (Fig. 4.13). There are few ecological or behavior
observations on adults that could shed light on the role of coupled forewings, but
philorheithrids are known to rest on twigs with their wings held tightly to the body,
similar to that attained by molannids when at rest. Alternatively, or additionally,
wings closely attached to the body might enable the animals to move through
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tight underbrush more efficiently or with decreased risk of damage to the wings, a
role similar to that in Meropeidae. Integripalpia females in general do not return
to the water column to oviposit, so it is unlikely, but worth investigating, whether
there are any favorable hydrodynamic consequences similar to that hypothesized
to accrue in Smicridea dithyra.
Other morphological considerations may also bear on the issue.
Interacting fields of acanthae and setae in the ventral anal cell and on hindwing
costa form the basis of the putative forewing-hindwing coupling mechanism in
Limnephilidae (Chapter 4); when in the coupled position, the menisciform (in
transverse section) anal cell of the forewing is approximate to the hindwing
costal-subcostal space and parallels the costal and subcostal vein. However,
when the wings are in the tectiform position, they assume a conformation similar
to that of Phryganaeidae (Fig. 5.4), in which the two menisciform surfaces, each
replete with acanthae, become approximate and parallel to the longitudinal body
axis. In such a position the menisciform surfaces are superimposed, and
presumably securely locked in place over the back. Both Phryganaeidae and
Limnephilidae also possess a forewing jugal lobe and hindwing prehumeral
bristles and presumably fly with these structures engaged, resulting in coupled
wings on the downstroke. Thus, the constituent elements of a forewing-hindwing
coupling system are already present in a form-functional complex and available
to the phenomenon of exaptation (Gould and Vrba 1982), to be discussed in
more detail in Chapter 6.
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The comparative morphology of the wing apparati of S. dithyra,
Philorheithridae and other taxa, and the inferred form-functional relationships,
beg a series of evolutionary questions that at present must remain as
hypotheses. There appears to be no bilateral asymmetry in the wing-locking
structures, and in vitro manipulations reveal that dextral or sinistral dominant
positions are equicompetent at securing the wings. Function is closely tied to
form, and since form includes symmetry issues, the phenomenon of symmetry
and asymmetry in insects wings have therefore been studied quite intensively.
Deviations from symmetry (e.g., antisymmetry and directional asymmetry;
Palmer 2004) can probe interesting developmental and evolutionary phenomena
at levels from the individual organism, to populations, to higher level taxa (e.g.,
Heteroptera; Škapec & Štys 1980). Encyrtidae and Aphelinidae (Chalcidoidea;
Hennessey 1981), numerous terrestrial Heteroptera (Škapec & Štys 1980), and
Belostomatidae (Gorb &Perez Goodwyn 2003) display organism-level
“ambidextrality,” but in these cases a second system is responsible for wingcoupling. Ambidextrality here implies– for a single individual undergoing repeated
wing extension and closure–that no structural or behavioral bias exists to enforce
commitment (i.e., an individual is uncommitted to right or left dominance), as
opposed to a racemic population, in which such a bias might exist (and result in a
population with ~1:1 sinistrally/ dextrally committed individuals). The claim that S.
dithyra are uncommitted is based on an examination of dead specimens and by
in vitro manipulations, both of which suggest that the mechanism works equally
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well in either position. Individuals from a sample of 41 S. dithyra were recorded
as right or left handed based on the relative positions of the anal cells. Of 41
specimens, 25 were left-handed and 16 were right-handed. The null hypothesis
is that this sample did not deviate significantly from a distribution of 50% lefthanded and 50% right handed; under these criteria the null hypothesis is not
rejected (X2 = 2.94) and it is concluded that the population is a racemic mix of
right- and left-handed individuals with roughly equal distribution.

Discussion
Perhaps the most interesting questions raised by these results are how a
morphological ‘toolbox’ of characters, present in outgroup taxa and ingroup taxa
(e.g., Annulipalpia: Hydropsychidae: Arctopsychinae, Smicrideinae and
“Diplectroninae”; Integripalpia: Philorheithridae, Odontoceridae), might contribute
to the evolution of wing coupling, and if any of the characters were historically
part of a shared functional complex. In considering the evolution of wing-coupling
in Hydropsychinae and Macronematinae, the complex in S. dithyra can be used
to develop a hypothesis that could unify the various form and functional data.
Firstly, on mechanical considerations, functional diptery due to wing-coupling
would require that the mechanism be bilaterally symmetrical; secondly, wingcoupling structures are derived from pre-existing structures. If an ancestral
functional role for the forewing-forewing locking were to aid in keeping the wings
positioned over the dorsum, perhaps while the female sought submerged
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oviposition sites or when either sex moved in dense vegetation, the variously
modified forewing and hindwing setae and acanthae could have acquired the
ability to grip while the wings were in motion, and thereby affect a transfer or
elaboration of function. Under such an exaptational scenario, divergence from a
similar (shared, symplesiomorphic) form-functional complex could explain the
many similarities between the wing-coupling systems of Macronematinae and
Hydropsychinae. While speculative, such a scenario could be evaluated against
a more complete data set, including the study of additional Smicrideinae taxa,
experimental and observational data on wing-movement behavior patterns and
functional aspects of the wings while not in flight, and a more robustly resolved
phylogeny. The scenario is also potentially falsifiable, for instance by discovering
that the described form-functional complex in S. dithyra is apomorphic for a clade
that diverged after the still unknown Smicrideinae-HydropsychinaeMacronematinae divergence.
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LIST OF FIGURES

Figure 5.1. Left forewing of Merope tuber Newman (Meropeidae), showing
wing locking lobe, ventral view. Scale bar = 100 µm
Figure 5.2. Left forewing of Sessiidae showing wing locking
microacanthae, ventral view. Scale bar = 10 µm.
Figure 5.3. Kosrheithrus tillyardi Mosely (Philorheithridae) with wings
locked over body, dorsal view. Scale bar = 0.5 mm.
Figure 5.4. Ptilostomis ocellifera (Walker) (Phryganaeidae) with wings locked
over body, dorsal view. Dotted lines follow veins and outline of right wing. Scale
bar = 1.0 mm.
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CHAPTER SIX
DISCUSSION

Introduction
A major goal of this study in comparative functional morphology is that of
interpreting, in a phylogenetic context, the complex interaction between the
morphology and the functional capacity of a structure. However, it is a profound
observation that convergence in form and/ or function is a widespread
phenomenon. This may delight functional morphologists but can be a frustration
to a systematist who is evaluating morphological properties in an attempt to
recover the phylogeny of a group. Convergence as a general phenomenon
further complicates evolutionary analyses because sub-components within a
form-functional complex may be derived from different layers in the phylogenetic
hierarchy, manifested for instance in a local scale phylogenetic divergence (such
as in setal morphology and distribution and wing contours), but a global scale
evolutionary convergence (such as the functional property of coupled wings;
Westneat et al. 2005). The present work reveals that the evolution of wing
coupling structures in adult Trichoptera is a fascinating locus for the study of
form-functional complexes and repeated functional convergence, and exemplifies
many of the confounding phenomena that make it challenging to interpret
patterns of convergence.
The discovery of putatively repeatedly evolved functional complexes begs
both local questions about the phylogenetic origins of the various sub-
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components in a complex (e.g., identification of homology at some phylogenetic
level, and identification of morphology that may be correlated with the
functionality), and more global questions about the evolutionary forces that may
have shaped the overall convergence. Both morphology and the behaviors
underlying flight capacity may be highly variable among taxa; for example taxon
A may have evolved flight behavior that imparts agility, but may be poor at longdistance dispersal, and taxon B may be excellent at dispersing long distances but
may not have sufficient agility to participate in mating swarms or lekking
behaviors. These are artificial examples, but suggest that the domain of
potentially selective factors that shape flight is vast. Furthermore, functionally
dipterous flight in tetrapterous insects is due to a system of interacting subunits
that resides at an extreme of the form-functional complex, with a diversity of wing
interaction systems occurring in Trichoptera that defy allocation into in the
classes ‘functionally coupled’ or ‘functionally uncoupled.’ In short, there is a
spectrum of interactions that translate into variable wing performance, and a
general paucity of experimental data that could inform the assessment. Overall,
the literature on this subject is sparse and inconclusive.

Repeated Convergence
Convergence, crudely, is the general phenomenon that “there’s more than
one way to skin a cat” (Koehl, 2002). The functional property ‘powered flight’ is a
clear-cut example of convergence; ‘powered flight’ is present in birds, bats, many
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insects and extinct pterosaurs, but was not present in the immediate common
ancestor of any of those groups. The phenomenon of convergence potentiated
by redundancy was studied in great detail by Wainwright et al. (e.g., 2005) and
their conceptual framework may be applicable to this study. They coined the term
“many-to-one mapping” to describe the repeated evolution of skull-jaw kinematic
patterns in labrid fishes. Underlying the phenomenon is the four-bar linkage
system, a series of bones in the cranium that, via variation in the relative lengths
of the bones, confers variation to the kinematic pattern. This results in many
morphological configurations that are distributed across labrid phylogeny, but that
result in one type of kinematic outcome, which in turn translates into ecologically
similar feeding patterns.
Underlying the explication of redundant convergence in labrid fishes is that
the four-bar linkage is a shared property among all the species studied; only
details in the configuration (relative lengths of the bones and therefore the angles
formed) vary. The number, morphology, and architecture of the bony
components of the cranium and maxilla vary widely across groups more inclusive
than Labridae, but at the level of Labridae, are considered homologous.
Convergence in wing coupling between hemipteroids and Trichoptera, for
example, is arguably a convergence akin to that between bats and insects the
interacting components of the coupling system (other than the wings) are
demonstrably not homologous between these groups, and the immediate
common ancestor did not couple the wings. But what of a group less inclusive,
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for instance one including Hymenoptera and Trichoptera, both of which are
endopterygotes? Striking morphological similarities underlie the wing coupling
apparatus of Hymenoptera and Trichoptera: Leptoceridae, but a proper
appreciation of their respective morphologies would prevent incorrectly coding
them in a morphology matrix for phylogenetic analyses. The following
explanation will clarify this point. An outstanding feature of wing coupling
mechanisms in insects is that functionality requires the subunits be present on
both wings it is a bipartite mechanism wherein a morphological structure on one
wing has a partner structure on the other wing. Furthermore, components of the
bipartite system, the socketed setae that form the hamuli, are probably
conserved structures in a much more inclusive group (perhaps as inclusive as
Arthropoda). In Hymenoptera, the hamuli engage the posterior FW margin along
a trough formed by reflexed and sclerotized portion of the wing membrane; in
Trichoptera: Leptoceridae the hamuli engage along the ambient costal vein. We
would thus conclude that convergence between Hymenoptera and Trichoptera:
Leptoceridae is a simple convergence, since one sub-component was revealed,
by detailed comparison, to be essentially dissimilar. We may, however, wish to
be equivocal with regard to the hamuli by retaining the caveat that the socketed
setae are at some level homologous as setae. The import of the above
observation is that if the two systems were coded as homologous under the
general description “wing coupling with hamuli present,” it could profoundly
influence tree topology. While in the above trivial case we may be satisfied that

206

our detailed analysis has prevented a serious error, we shall see that the
problem is much more acute when discussing morphology and convergence in
more closely related trichopteran groups, and is a problem that is further
exacerbated by the fact that while the functional coupling system may be
morphologically complex, it is derived from structures whose ontogeny may be
described as simple and prone to extreme homoplasy.
Westneat et al. (2005) developed the “many-to-one” concept to explain
convergence in labrid fish jaw kinematics and how the functional feeding states
potentiated by the kinematic patterns mapped onto a phylogeny. The derived
kinematic state revealed over fourteen convergences distributed widely
throughout the family-level phylogeny. Such “local phylogenetic divergence and
global evolutionary convergence” is a property of insect wing coupling in general,
and trichopteran wing coupling in particular, but it is not immediately obvious that
it is also a “many-to-one” or redundant convergence. Wainwright et al. (2005)
also suggested that the many-to-one phenomenon is an emergent property;
redundancy emerges when a sufficient number of degrees of freedom arise, in
this case the degrees of rotational freedom of the joints in the four bar linkage.
Thus we are still left with the following question: does redundant
convergence similar to that of the four bar linkage in labrid fishes occur in insects
with wing coupling? To rephrase, are there systems that appear to achieve the
same functional result with putatively homologous structures, but within an
overall morphology that is variable? A compelling example in Trichoptera is wing
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coupling in the Hydropsychidae: Hydropsychinae and Macronematinae. Taxa in
these groups have robust coupling systems composed of putatively homologous
structures that underlie the wing interaction, with the above-mentioned caveat
that the structures (setae and acanthae) are possibly highly homoplastic. In these
systems I think we realize a form-functional complex that is an instance of manyto-one mapping. Wainwright and coworkers realized tremendous explanatory
payoffs in their reductionist approach to the kinematics of labrid feeding
structures, due in part to the fact that the system is amenable to quantitative
evaluation and a fairly immediate translation into a physical model. Such
quantification made it possible to abstract the entire parameter space (including
those parameters not actually realized in any labrids studied) and thereby
rationalize why certain ‘chunks’ of morphospace were not actually realized.
However, the key notion that underlies many-to-one mapping is not to what
extent the mechanical model is amenable to abstraction, but how redundancy, or
degrees of freedom, fosters the likelihood of convergence. In this sense the
mechanisms that are strongly supported as wing coupling devices fit the
appropriate criteria. Each component of the coupling apparatus is comprised of
one or more sub-components that may have variable morphology. Each
subcomponent may be derived from socketed setae, sculpted into the cuticle
(e.g., microacanthae), and the spatial relationships between any of the
subcomponents are a manifestation of the topology of the wing surface. The
realization of a functional complex is therefore the product of several interacting
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layers of variable morphology; it is effectively a combinatorics problem. If the
opportunity for, or probability of, functional convergence is in some manner
proportional to the number of combinations of the subcomponents, then the
redundancy aspect emphasized as critical for the evolution of kinematic
complexity in labrid fishes is realized in the admittedly more qualitative system of
wing coupling.
The above argument that highlights redundancy can be further enhanced
by exploring the role that adaptation and exaptation may have played. In their
arguments for the necessity of an additional term in the dictionary of form and
function, Gould and Vrba (1982) desired to distinguish between the process by
which an organism becomes adapted, and its outcome, or effect, in terms of
characters. They argued that adaptation should be restricted to convey the
proposal that the current state of a character is due to the (historical) action of
natural selection, whereas an exaptation should be diagnosed when a character
has been co-opted for a new function, but that was originally shaped by
adaptation. In both instances an aptation is observed in that there is a ‘fit’
between the condition of a character and the functional use of the character. If a
character was historically shaped by natural selection, and is thereby an
adaptation, then an immediate functional role can be ascribed to the character
and the possible role that natural selection played can be inferred or sketched
out; in contrast, the functional properties of an exaptation are due to the
(fortuitous) effect that the character was suitable to be employed in a novel
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function. The distinction is subtle but deep, and in reality may be harder to draw,
especially if the diverse set of relevant historical evolutionary data is not
available.
How does the distinction between adaptation and exaptation relate to the
evolution of wing coupling in Trichoptera? Data presented here clearly
demonstrate that wing coupling for an entire beat cycle is an apomorphic
condition, and moreover that it has been realized independently by numerous
lineages. Such multiple convergence begs the notion that the individual
components present and widely distributed in Trichoptera were part of
preexisting functional complexes, and a well illustrated example of such is the
forewing-forewing locking mechanism. Thus, the historical action of natural
selection may have shaped the diversity of setae and microacanthae into
forewing-forewing locking structures. Furthermore, if wing coupling during the
downstroke, enforced by the jugal lobe and prehumeral setae, was a widely
distributed form-functional complex in Trichoptera, then additional structures that
were originally involved with forewing locking, or were simply part of the
background morphology, may have been co-opted into a role as forewinghindwing coupling structures. Thus, setae and microacanthae adapted for the
function of forewing-forewing coupling could have come to serve an added
functional role in forewing-hindwing coupling; that is, be exaptations for coupled
wings. Since a wide diversity of form-functional complexes appear suitable to
realize wing coupling, there would seem to be an increased probability that
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additional selection could have exerted an adaptive pressure on the possibly
random combinations of setal-setal interactions that underlie wing coupling.
The observation or retrospective evaluation of repeated convergence is
probative of a contentious issue in evolutionary biology: the possibility that
phenomena can be of sufficient generality to function as de facto natural law. The
proposal that something is a natural law of necessity implies that it is a class
statement, and therefore as long as the subject under consideration meets
inclusion criteria for the class, then the law will apply. Convergences, as types of
homoplasy, are class concepts. Conversely, homologies are “logical individuals”
(Coddington, 1994), and to assert homology is to assert the evolutionary
uniqueness of a feature, and thereby assure its “spatio-temporal localization” (cf.
Ghiselin 1974) and the inapplicability of generalizations in the form of natural
laws. The phenomena that comprise the class of convergences are historical
uniques, but to assert or to evaluate retrospectively that a phenomenon is due to
convergence is to assert that the phenomenon itself, wing coupling in this case,
is a class-phenomenon.
If phenomena such as wing-coupling (including that found in Lepidoptera,
Hymenoptera, and hemipteroids) are repeated convergences, and thereby class
constructs, is it legitimate by extension to infer that a general principle underlies
the collective phenomenon (e.g., “general principle of organismal design”; Lauder
1990, 331)? Law-like generalizations such as Bergmann’s Rule and Allens’ Rule,
which rely fundamentally on a physical-law phenomenon (surface area to volume
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relationships and thermal mass) have not fared well, possibly because they
emphasize one physical-evolutionary interaction out of what is certainly a much
more inclusive set of interactions, each of which is subject to selection. Flight
performance is eminently a phenomenon governed by physics, but clearly the
diversity of flight modes suggests that the imposition of physical law can be
accommodated in myriad ways.
The following question is suggestive: given a sufficiently robust set of
physiological and morphological attributes, is there an increased likelihood of
encountering an evolutionary subset of the phasespace that ‘solves’ many of the
aerodynamic problems associated with morphological tetraptery? This
suggestion has the flavor of ‘key innovation,’ but such is usually discussed in
conjunction with the claim that it is correlated with an explosive taxonomic
radiation. Repeated functional convergence is not of this type; there is an
‘innovation’– in fact several– but no associated claim that there is a correlated
taxonomic radiation.

Problems with Homology Assessment
Prevalence in the literature and the demonstrable utility in deconstructing
evolutionary process and pattern belie the fact that finding a universal definition
of homology has been contentious (e.g., Bolker and Raff, 1996; Nelson, 1970;
Wilkins, 1998; Wagner, 1989a, b). The problem is partly a failure to determine
what we want from the terms and how much work we want them to do; it may be
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that as currently understood, and in light of the boon in developmental biology,
the terms have to be scrapped or new ones introduced that reflect increased
definitional precision (Butler and Saidel, 2000).
Ghiselin (1966a) emphasized the equivocation associated with the use of
the term homology, which had often been treated implicitly as a “property such as
mass, which an organism may be said to possess.” As Darwin emphasized in his
discussion of homology, a more appropriate explanation comports with the
relational nature of the homology concept; two structures are not homologous,
they are homologous as something; that is, they bear a homology relation,
mediated through genealogy, to some other (perhaps precursor) structure. To
cite Ghiselin’s (1966a, 128) example, “the wings of eagles are homologous as
wings to those of hawks, and as derivatives of fore-limbs to those of bats
(emphasis in original).” This example also emphasizes the fact that homology is
implicitly an hierarchical concept; the wings of eagles, the wings of bats, and the
digging-hands of moles are variations on the theme “fore-limb,” but “fore-limb” is
itself a variation of “appendage”- specifically a “serial variation.” This view
coincides with the view that homology and synapomorphy are conceptually
linked–plesiomorphy, synapomorphy and apomorphy are also hierarchical
concepts.
Another pitfall plaguing homology is a thornier issue: what are we trying to
explain by invoking the concept? Specifically, is the goal to recover patterns of
relationship among morphological attributes, and thereby recover patterns of
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relationship among taxa, or is there an obligation to discover the basis for the
relation (at least one that is more detailed than ‘shared by descent, with
modification’), perhaps by requiring that the explanation invoke some degree of
evidence about process (such as molecular and developmental processes). The
traditional comparative-biological emphasis on the recognition of ‘sameness’
versus the emerging science of molecular-developmental biology, has placed
homology, as a concept, between two paradigms. Bolker and Raff (1996)
suggested that this boils down to the problem of “conflate(ing) definition with
criteria,” such that process-oriented agendas redefine homology by the criterion
of mechanism (process homology, after Gilbert et al., 1996), not structure.
Homology, of logical necessity, is the default condition for phylogenetic
analyses. The claim of homology can be falsified empirically by discovering
additional data that make the claim untenable, or homology can be rejected if by
analysis of a large suite of characters, the character in question is incongruent on
a cladogram (i.e., the character distribution is better explained as homoplasy).
Homoplasy, as falsified homology, is manifest, but to explore the basis for the
homoplasy can be difficult. Discovering that empirical deficiencies were the
source of the ‘error’ (i.e., the observation of homoplasy) implies that the problem
can be addressed by adducing more or better data. Homoplasy suggestive of
convergence often implies that an intimidating assembly of ad hoc hypotheses
will need untangling. Furthermore, is the concept of convergence robust enough
to admit degrees of convergence; phrased differently, are there degrees of
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homology? Opinions in the literature differ, but include an all-or-none
interpretation, as suggested by Nelson (1970, 378):
“Homology like identity is absolute, and both are essentially abstract
relations of great analytical value….to search in nature for homology is as futile
as to search for identity.”
Others are open to more nuanced appraisals, perhaps appreciating that
characters, as the ‘objects’ in question, while developmentally unique to a
particular organism, are not necessarily genealogically unique (but see below re
homologies as “logical individuals”). Since we acknowledge without reservation
that genealogy is hierarchical, then perhaps there is room for degree of
homology. Thus, we find in the literature homology concepts that pay homage to
possible historical factors, so that there may be an underlying homology relation
(e.g., latent homology, de Beer 1971; unique inside parallelism, Brundin 1976;
underlying synapomorphy, Saether 1979; deep evolutionary homology,
homoiology, Riedl 1978) that can be discovered by probing the system at a much
deeper level, perhaps to the level of gene expression and developmental
pathways.
That a particular phenotype can be truly puzzling in relation to a given
phylogeny, but be reconciled by details about the “generative pathways” (i.e.,
underlying genetic processes; Butler and Saidel 2000; Wagner 1989a, b) is now
commonplace. The above authors suggested that the observed complexity in
generative pathways, when explicated sufficiently, often prevented the
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categorization of a phenotype by the broad terms “homology” or “convergence,”
at least as it relates to elucidating patterns of character distribution. By way of
solution the authors proposed focusing on the generative pathway itself, and
suggested the term syngeny to describe the phenomenon of pathway
conservation, regardless of the phylogenetic distribution of the resulting
phenotype. Thus, a phenotype can be a product of syngeny without requiring it to
be part of a homology complex (synapomorphy), and thereby circumscribing a
monophylum.
Coddington (1994) developed an insightful approach to the study of
homology, convergence (as a particular type of homoplasy), and adaptation, and
one that may be particularly relevant to the problems considered here. He viewed
homology and homoplasy as “complementary” in exploring the evolution of
“amazing” phenomena; either “amazing unique” or “amazing coincidence.” By
substituting the evolution of flight into his conceptual outline to this problem, we
can probe the intent of “amazing.” The evolution of flight is an “amazing thing,”
and its distribution among many groups of animals is either “amazing in its
uniqueness” or a result of an “amazing set of coincidences.” We will take
Coddington’s lead and frame the question of the evolution of flight as null and
alternative hypotheses, treating “Homology is the null hypothesis of cladistics.”
For instance, we can reject H0 in the following trivial case: the wings of birds are
homologous as wings to those of insects; that is, we can accept the alternative
that their similarities are not due to an underlying homology relation. A less trivial
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case tests this approach more succinctly— H0: the hindwing costal socketedsetae of Hymenoptera (hamular setae) are homologous to those
(“multihammulate setae”; Tillyard, 1918) of Trichoptera: Leptoceridae, is harder
to assess. This example illustrates Coddington’s other point, that “Homoplasy is
the ‘error’ term in cladistic analysis.” We may decide to accept or reject H0 in this
case, but must acknowledge that the ‘error’ term of homoplasy is probably much
more significant, because we suspect that developmental mechanisms are
integral to the problem in a way that they are not in the above insect-bird wing
homology question. The phenomenon discussed by Butler and Saidel (2000) is
potentially even more problematic in this case. The conserved generative
process they studied, termed by them syngeny, yielded an enigmatically
distributed phenotype, but a phenotype that was also complex (a previously
unknown cell group in the brain of fishes). Many of the structures involved in wing
coupling are arguably less developmentally complex, and in any particular case
the structure could be due to homology in a strict taxic (synapomorphy) sense, a
conserved generative process with sporadic phylogenetic distribution
(syngenetic), or a traditional convergence (“amazing coincidence”). However, we
lack the critical data, but are at least now aware of the significance of the issue
and are able to articulate more explicitly the potential problems associated with
character coding.
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Appendix A
LIST OF EXAMINED TAXA
‘SPICIPALPIA’
Rhyacophilidae
Rhyacophila carolina Banks, 1911
Rhyacophila fuscula (Walker, 1852)
Glossosomatidae
Agapetus sp.
Glossosoma jentumar H Malicky & P Chantaramongkol, 1992
Glossosoma nigrior N Banks, 1911

ANNULIPALPIA
Ecnomidae
Ecnomus spatulatus Li & Morse, 1997
Hydropsychidae: Arctopsychinae
Parapsyche apicalis Banks, 1908
Parapsyche cardis Ross, 1938
Arctopsyche irrorata Banks, 1905
Hydropsychinae: Hydropsychinae
Cheumatopsyche amurensis Martynov, 1934
Cheumatopsyche daurensis Ivanov, 1996
Cheumatopsyche cf. charybdis
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Cheumatopsyche edista Gordon, 1974
Cheumatopsyche harwoodi enigma Ross, Morse, Gordon, 1971
Cheumatopsyche pettiti (Banks, 1903)
Cheumatopsyche sordida (Hagen, 1861)
Potamyia chekiangensis (Schmid, 1965)
Potamyia chinesis (Ulmer, 1915)
Potamyia flava (Hagen, 1861)
Hydropsyche betteni Ross, 1938
Hydropsyche carolina Banks, 1938
Hydropsyche mississippiensis Flint, 1972
Hydropsyche slossonae Banks, 1905
Hydropsyche opthalmica Flint, 1975
Hydropsyche phalerata HA Hagen, 1861
Hydropsyche sparna Ross, 1938
Hydropsychidae: “Diplectroninae”
Diplectrona modesta Banks, 1908
Homoplectra doringa (Milne, 1936)
Oropsyche howellae Ross, 1941
Austropsyche sp.
Hydropsychidae: Smicrideinae
Asmicridea edwardsi (McLachlan, 1866)
Smicrophylax sp.
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Smicridea dithyra Flint, 1974
Hydropsychidae: Macronematinae
Leptonema boliviense ME Mosely, 1933
Baliomorpha pulchripennis (Tillyard, 1922)
Pseudoleptonema supalak Malicky & Chantaramongkol, 1998
Oestropsyche vitrina (Hagen, 1859)
Amphipsyche bifasciata Navas, 1931
Philopotamidae
Dolophilodes distincta (Walker, 1852)
Polycentropodidae
Cernotina spicata Ross, 1938
Cyrnellus fraternus (Banks, 1905)
Nyctiophylax denningi Morse, 1972
Polycentropus cinereus Hagen, 1861
Polyplectropus altera McFarlane, 1981
Psychomyiidae
Lype diversa (Banks, 1914)

INTEGRIPALPIA
Apataniidae
Allomyia tripunctata (Banks, 1900)
Apatania incerta (Banks, 1897)
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Apatania parvula (Martynov, 1935)
Moselyana comosa Denning, 1949
Pedomoecus sierra Ross, 1947
Atriplectididae
Atriplectides dubius Mosely, 1936
Beraeidae
Beraea gorteba Ross, 1944
Brachycentridae
Brachycentrus numerosus (Say, 1823)
Micrasema sp.
Calamoceratidae
Anisocentropus pyraloides (Walker, 1852)
Heteroplectron americanum (Walker, 1852)
Georgium japonicum (Ulmer, 1905)
Calocidae
Caenota plicata Mosely, 1953
Alloecentrella magnicornis Wise, 1958
Chathamiidae
Philanisus plebius Walker, 1852
Conoesucidae
Beraeaoptera roria Mosely, 1953
Costora ebenina Neboiss, 1977
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Lingora cf. aurata Mosely, 1936
Olinga jeanae McFarlane,1966
Pycnocentrodes aeris Wise, 1958
Goeridae
Goera calcarata Banks, 1899
Goera japonica Banks, 1906
Lepania cascada. Ross, 1941
Larcasia akagiae Nishimoto & Tanida, 1999
Silo pallipes (Fabricius, 1781)
Helicophidae
Alloecella grisea Banks, 1939
Helicopha cheira McFarlane, 1958
Zelolessica cheira McFarlane, 1956
Helicopsychidae
Helicopsyche borealis (Hagen, 1861)
Helicopsyche limnella Ross, 1938.
Lepidostomatidae
Lepidostoma togatum (Hagen, 1861)
Theliopsyche sp.
Leptoceridae
Athripsodes sagittatus Olah, 1986 (Leptocerinae)
Ceraclea maculata (Banks, 1899) (Leptocerinae)
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Ceraclea tarsipunctata (Vorhies, 1909) (Leptocerinae)
Leptocerus americanus (Banks, 1899) (Leptocerinae)
Mystacides sepulchralis (Walker, 1852) (Leptocerinae)
Nectopsyche exquisita (Walker, 1852) (Leptocerinae)
Oecetis inconspicua (Walker, 1852)
Setodes incertus (Walker, 1852)
Triaenodes ignitus(F Walker, 1852)
Triaenodes perna Ross, 1938
Condocerus sp. (Triplectidinae: Hudsonemini)
Notalina sp. (Triplectidinae Hudsonemini)
Symphitoneuria cf. dammermanni G Ulmer, 1951
Triplectidina mosleyi AG McFarlane & JB Ward, 1990
Triplectides dolichos McFarlane, 1981
Limnocentropodidae
Limnocentropus insolitus Ulmer, 1907
Limnocentropus n. sp.
Limnephilidae sensu stricto.
Chaetopteryx fusca Brauer, 1857
Frenesia missa (Milne, 1935)
Glyphopsyche missouri HH Ross, 1944
Ironoquia punctatissima (Walker, 1852)
Limnephilus fuscovittatus Matsumura 1904
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Onocosmoecus unicolor (Banks, 1897)
Philarctus rhomboidalis Martynov, 1924.
Platycentropus radiatus (Say, 1824)
Pseudostenophylax sparsus (Banks, 1908)
Pycnopsyche sonso (Milne, 1935)
Molannidae
Molanna ulmerina Navas, 1934
Molanna blenda Sibley, 1926,
Odontoceridae
Marilia flexuosa Ulmer, 1905
Psilotreta frontalis Banks, 1899,
Oeconesidae
Oeconesus maori McLachlan, 1862
Pseudoeconesus bistirpis Wise, 1958
Petrothrincidae
Gyrocarisa acuta Weaver, 1997
Philorheithridae.
Aphilorheithrus stepheni ME Mosely, 1936
Austrheithrus dubitans Mosely 1953
Kosrheithrus tillyardi Mosely 1953
Phryganaeidae
Agrypnia vestita F Walker, 1852
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Agrypnia obsoleta Hagen, 1864
Banksiola dossuaria (Say, 1828)
Ptilostomis ocellifera Walker, 1852
Sericostomatidae.
Fattigia pele (Ross, 1938)
Agarodes tetron (Ross, 1948)
Sericostriata surdickae Wiggins, Weaver, & Unzicker, 1985
Tasimiidae
Trichovespula macrocera F Schmid, 1955
Uenoidae.
Farula malkini Ross, 1950
Neophylax ornatus Banks, 1920
Oligophlebodes sierra Ross 1944
Uenoa tokunagai Iwata, 1927

228

Appendix B
WING MORPHOLOGY ABBREVIATIONS

Wing morphology abbreviations
abbreviation
A1,2,3
ac
af
al
axc
C
cs
Cu2
dma
ds
fwA
fwcs
fwa
fwaa
hv
hwC
hwcs
hwha
hwSc
jl
jlf
M
ma
phs
pv
va
R
Rs
Sc

term
Anal 1, 2, 3 (vein)
ambient Costa (vein)
ano-jugal furrow
anal loop
axillary cord
Costa (vein)
costal setae
Cubitus 2 (vein)
dorsal major acanthae
denticulate setae
forewing Anal (vein)
forewing coupling setae
forewing acanthae
forewing anal angle
humeral vein
hindwing Costa (vein)
hindwing coupling setae
hindwing humeral angle
hindwing Subcosta (vein)
jugal lobe
jugal lobe fold
Media (vein)
major acanthae
prehumeral setae
pseudovein
ventral minor acanthae
Radius (vein)
Radius sector
Subcosta (vein)
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